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ABS'rRACT 
A multiple exposure back reflection diffraction camera was 
designed to mount on the vacuum jacket of a pressurized he1iulii gas 
"Cryomite". With this design it is possible to obtain six dif-
fraction exposures on a single film a.t any temperature in the r·ange 
of 180 to 25°K. Temperatures within this range are reached in short 
intervals and exposure periods are less than 30 minutes in a 2.875 
inch (73.03 mm) diameter camera. Some of the adva;,1tages of this 
design are; direct measurements, multiple exposure~: on a single 
film, short exposures, direct compensation of film length cha."1ges 
due to evacuation or processing of the film, and easy determination 
of transformation changes. 
Since the camera design did net permit oscillation of the metal 
powder specimens, a particle size of 20 micron or less was required 
to produce continuous lines of less than 0.197 inch (0.50 mm) width 
at theta angles greater than 70 degrees. 
Different specimen mounting methods did not influence a 
detectable change in the lattice parameters on a 99.99+% silver 
sample with a particle size of 5 to 25 micron. 
The lattice parameters of aluminum determined by x-ray d:l.f'fraction 
in the temperature range of 40 to 120°K were lower than those calcu-
lated from interferometric expansion eoefficients. How·ever, lattice 
parameters of. silver obtained by x-ray diffraction were higher in 
the temperature range of 40 to 180°K than values calculated from 
interferometric expansivities. 
Molybdenum lattice parameters determined by interferometric 
and x-ray diffraction methods agree well in the temperature range 
of 100 to 180°K, while lattice parru11eters calculated from inter-
ferometric methods below 100°K are lower than those determined by 
x-ray diffraction. 
The linear thermal coefficients of expansion are: 
Aluminum: 2.396 x lo-6 at 40°K 
9.414 x lo-6 at 80°K 
17.542 x lo-6 at 160°K 
Silver: 7.590 x lo-6 at 50°K 
15.180 x lo-6 at 90°K 
17.234 x lo-6 at 160°K 
Molybdenum: 0.51 x lo-6 at 30°K 
2.15 x lo-6 at 90°K 
4.54 x lo-6 at 170°K 
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I. INTRODUCTION 
Linear thermal contraction and expansion coefficients have been 
determined for a large number of engineering materials, however, 
1 . 0 (1) on y a small number of them at temperatures below 90 K • Although 
the region below 90°K is of predominant importance in cryogenic ap-
plications, many substances of interest have been omitted because 
data were not available below this t€:..'9np '~ ., ature. If data of thermal 
0 expansion coefficients for materials at temperatures below 90 K are 
listed, they are often obtained by calculations from Gruneisen's 
correlation(Z). Gruneisen(3) postulated on the basis of an 
approximate equation of state of a solid that the coefficient of 
1 
volume expansion, S, and the compressibility, K, should be related in 
such a manner by 
(1) 
that rG is constant. This is for most substances approximately true 
but deviations occur at low and high temperatures. A detailed theory 
suggests that Gruneisen's relation cannot be constant and wide 
variations from this relation can be expected in certain cases. Some 
solids, for example silicon below 
the coeffici ent of expansion( 4). 
S0°K, exhibit negative values for 
Furthermore, Blackman(S) has shown 
that a rigorous derivation of Gruneisen's constant from the elastic 
properities of some lattices may lead to negative values of the 
constant. 
Various forms of the dilatometric methods have been employed 
for the measurement of the linear expansion coefficients but, because 
2 
of the very small values of this coefficient at the lower temperatures, 
observations of this have encountered considerable difficulties. 
Published thermal expansion data vary greatly in precision. Some 
investigators show as many as five significant figures in the ratio 
of AL/L (change in length relatively to the length of a specimen) and 
four in the derivative. However, comparisons between careful investi-
gations on the same pure materials indicate that absolute accuracies 
greater than one percent are seldom attained(2). The dilatometric 
method is capable of giving reliable results but requires improvement. 
Recently, investigators have been employing x-ray lattice 
parameter techniques in preference to the dilatometric or macroscopic 
class of experimental methods. In a few cases appreciable differences 
in thermal expansivity by the two methods have been reported, amounting 
. (6 7 8) to over ten percent at the greatest d1fference ' ' • The x-ray 
lattice parameter has the additional advantage that structural changes 
are immediately apparent. 
Design of experimental apparatus for cooling materials to 
temperatures as low as 10°K for either dilatometric or x-ray studies 
vary from systems that pass liquid nitrogen over the sample, to more 
elaborate systems employing a succession of baths of liquid dry ice 
solutions, oxygen, nitrogen, hydrogen, and helium · in a metal 
(9 10) 
cryostat ' • 
Recent development of a closed cycle refrigerator system capable 
of reaching temperatures as low as 25°K makes available cooling at 
various cryogenic temperatures without use of liquid gases and 
obviates the need for dewars and cryostats for liquid containment(ll). 
Operating on a modified Stirling cycle, such units are completely 
self-contained and hermatically sealed, requiring only an electrical 
energy supply. The fundamental requirements for a refrigerating 
engine operating on a Stirling cycle are to have a compres s ion 
volume at the higher temperature and an expansion volume at the 
3 
lower temperature; and to allow a fixed quantity of gas to pass 
alternately from one volume to the other via a regenerator, without 
the use of valves. In practice, the most conveniently arranged piston 
movements for the compressor and expander are approxjmately han1onic 
as obtained with the crankshaft drive. To obtain refrigeration, 
there must be a phase difference bet,veen the movements of the compressor 
and expander pistons so that the increase in the expansion volume 
leads with respect to the compression volume. Using this basic design, 
the refrigerator system can be scaled up or down to meet a variety of 
applications. Refrigeration can be dialed to the required temperature 
by an automatic electronic control. 
In view of the previous observations, the present investigation 
was divided into two main parts as follmvs: 
Part I. The design of a low temperature x-ray diffraction system 
consisting of: 
1. A pressurized helium gas cryostat and temperature controller 
with temperature calibration. 
2. A provision for creating sufficient vacuum for maintaining 
radiation heat losses to the cold head below maximum 
output of the cryostat, and 
3. A precision symmetrical back reflection camera with 
provisions for multiple exposures and determination 
of the film length during exposures. 
Part. II. Experimental results of lattice parameter and thermal 
expansion coefficients determinations for alumiuum, 
molybdenum, and silver involving: 
1. The variation of lattice para."";leter with t emperat1:..re 
using three sample mounting techniques, and 
4 
2. An investigation of the indirect influence of latt .ice 
parameter by variation of the x-ray generator kilovoltage 
and rnilliamperage. 
II. LITERATURE REVIEW 
Early attempts to determine linear thermal coefficier:tts of 
expansion 0 for metals at temperatures below 223 K were by interference 
methods. In 1905 Ayres (l2) detennined thermal expansion coefficients 
for aluminum by interferometry at temperatures as low as 86°K by 
using liquid air for the cooling medium. Results were widely 
dispersed and were most likely influenced by poor temperature 
determinations. 
For low temperature work Lonsdale and Smith(l3) have described 
a device by means of which a stream of liquid air was passed over the 
surface of a specimen exposed to x-rays. Other devices described' by 
Simon and Vohsen(l4) enabled x-ray photographs to be taken from flat 
specimens cooled with a backing of liquid air. No description could 
be found of a camera permitting the accurate control of temperature 
belmv 273°K until that described by Hume-Rothery and Strawbridge (l5) 
in 1947. Using a Debye-Scherer camera, the specimen was contained 
inside a cylindrical brass chamber with a cellophane window, 
approximately 11 mm i.n diameter. This cylinder was surrounded by a 
second cylinder, and the low temperature was obtained by forcing a 
current of cold dry air through the space been the two cylinders. 
5 
The dry air was obtained by boiling liquid air in a de,var flask, using 
an electric immersion heater. The temperature of the specimen was 
monitored by a thin alumel-chromel thermocouple which was withdrawn 
just below the path of the x- ray be am dur i ng the expos ure . A 
. 0 0 
temperature correction on the order of 0.5 K at 173 K was applied to 
find the actual temperature of the specimen. Constancy of temperature 
0 0 
of + 0.2 K at any temperature down to 173 K was reported for this 
design. 
Many researchers have contributed to the expansivity data that 
are available today for use in cryogenic specifications. For major 
contributions to expansivity data, Nix et al. (l6 ,l7) should be cited 
for their investigations on many metals, including aluminum, 
molybdenum, and silver to liquid nitrogen temperature by the inter-
(18' ferometric technique J. Bijl et al. (l9) investigated the thermal 
expansion of copper and aluminum from 20 to 300°K by a dilatometer 
which was essentially a condenser whose capacity was determined by 
the difference in length between the specimen and a suitably shaped 
6 
piece of 99.98% copper. This condenser was placed in the tank circuit 
of a radio frequency oscillator and a change of temperature of the 
dilatometer resulted in a change of frequency which was measured by 
standard methods. The relative change in length between the specimen 
and the copper piece was calculated from the change in oscillation 
frequency after calibration. Measurements were made by comparing 
copper with diamond, which has a much lower thermal expansion than 
copper. Below 90°K the thermal coefficient of diamond was completely 
neglected. In 1958 Gibbons( 20) reported expansivity values for 
0 
several diamond structure materials to temperatures as low as 10 K. 
Temperatures in this region were obtained by lowering the inter-
ferometer into a dewar of liquid helium. 
Figgins et al. (22) appear to be the first to report expansivity 
values of metals to a temperature of 20°K by x-ray diffraction studies 
in 1956. Since that year a number of investigators have contributed 
to low temperature expansivity data determined by x-ray diffraction 
• d. (9,23,24,25) E . . d l l f s~u 1es • xpans1v1ty an attice parameter va ues or 
aluminum at temperatures below room temperature are listed in 
Table I and plotted in Fig. 1. All values are in angstrom units 
and include a refraction correction value of 0.00003 R. Lattice 
parameters at low temperatures have been calculated using the value 
given by Figgins et al. ( 22) at 273.2°K for references listing 
e:xpansivities only. Latt-ice parameters listed by Figgins et al. (22) 
from x-ray diffraction studies are lower than those calculated from 
expansivity data obtained by dilatometer techniques (Fig. 1). 
0 Below 80 K, the region of temperature of greatest interest, the 
values of expansivity lie between 10-6 and 10-5 , therefore, the 
difficulties of accurate measurements are inherently serious. The 
7 
x-ray technique should have an advantage since it is a direct measure-
ment of the unit cell. From the point of view of comparison with 
theory this would appear to be more significant than the use of a 
sample of macroscopic dimension which could be influenced by grain 
boundaries in a polycrystalline sample. The x-ray method is an 
absolute method; whereas, other methods use a reference standard at 
the temperature of the specimen. Finally, the former is immune to 
errors arising indirectly from the effects of temperature gradients 
upon other parts of the experimental apparatus. The x-ray camera, 
with the film at room temperature, is unaffected by such errors(22). 
In the next section the design of a vacuum low temperature camera 




Expansivity and Lattice Parameters for Aluminum 
Author: 0 Temp( K) a (X) Remarks 
Hume-Rothery 298.2 4.04959 1. pure aluminum 
et al. (l5) 
240.0 4. 044!.8 2. 18 em Debye-
Scherrer camera 
225.6 4.04318 3. 0.00003 X refr. 
corr. inc. 
175.7 4.03877 
Figgins 298.7 4.04968 1. sample purity 
t 1 (22) unlisted e a • 
273.2 4.04736 2. 19 em Debye-
Scherrer Unicam 
camera 











TABLE I (cont) 
0 Temp( K) a (.g) 
calculated 
4 !::.L/L0 x 10 Remarks 
9 
10 
TABLE I (cont) 
Author: 0 Temp( K) a (~) l'lL/L0 x 10 4 Remarks 
Gibbons ( 20) 273.2 4.04736 0 1. 99.99% A1 
270.0 4.04708 -00.69 2. interferometric 
t~chnique 
180.0 4.03954 -19.33 
140.0 4.03662 -26.54 
100.0 4.03428 -32.31 
80.0 4.03342 -34.44 
60.0 4.03287 -35.81 
40.0 4.03261 -36.45 
30.0 4.03256 -36.57 
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Figure 1. Lattice para~e~ers for aluminum by interfero-




DESIGN OF THE EXPERIMENTAL APPARATUS 
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III. LOW TEMPERATURE X-RAY DIFFRACTION SYSTEM 
The components required for a low temperature x-ray diffraction 
system, joined as a working unit, are shown in Fig. 2. It consists 
of the following parts: 
1. the cryostat and temperature controller 
2. the x-ray generator and horizontally mounted x-ray tube 
3. the vacuum equipment with forepump, three stage mercury 
diffusion pump, and vacuum gauge, and 
4. the symmetrical back reflection x-ray camera. 
1. Cryostat and Temperature Controller 
The cryostat (Fig. 2D) used in this investigation was a Cryomite 
Mark VII Model C which was obtained from Malaher Laboratories, 
Incorporated, High Bridge, New Jersey. It operates directly from a 
110 volt alternating current power supply and does not require 
refrigerating liquids for cooling. It was charged at the factory 
with commerically pure (99.99%) helium gas at 250 pslg. A fan combined 
with the unit directs ambient air over the cooling fans of the cryomite 
by the cooling shroud as shown in Fig. 3D. This fan establishes 
sufficient air flow under normal conditions to remove the heat produced 
by the "Cryomite". The preferred air flow direction is from the 
cylinder head past the fan motor. The "Cryomite" should not be 
operated without this forced air circulation. 
The principle of operation of the temperature controller is 
analogous to that of a servo system, that is, if the controlled system 
varies from the set point, an error signal is generated. The error 
r 
Figure 2. Low temperature x-ray diffraction 
apparatus consisting of the following 
A - x-ray generator 
B - x-ray tube 
C - back reflection vacuum camera 
D - Cryomite 
E - mercury diffusion with forepump (left) 
F - temperature controller 
G - vacuum gauge 
14 
Figure 3. Low t emperature vacuum camera with 
A- x-ray tube in horizontal tube mount 
B - film holder in lower position with 
c - radiation shield in position, with 
D - air directing shroud on cryomite 
E - meter and switch for film length 
standardization 
15 
Figure 4. Low temperature vacuum camera with the 
cover, film holder guide , and film holder 
removed to show the following parts: 
A - silicon heater (for temperature control) 
B "Cryomite" cold head 
C - platinum surface temperature sensor 
D - lamps for film length determination 
E - silver sample holder 
16 
17 
signal is then amplified and fed back in such a way that the original 
offset is corrected. In operation, the controller is connected to a 
platinum surface temperature sensor (Rosemount Engineering Company, 
model 118G) which is mounted on the lower side of the copper control 
block on the cold head (Fig. 4B) of the "Cryomite". A silicon solid 
state heater is also mounted in the control block for the "Cryomite" 
cold head. These components are shown in Fig. 4. The desired 
temperature is set by setting the equivalent resistance with the range 
switch and set temperature dials on the temperature controller. When 
the system has reached the set temperature, the temperature controller 
will maintain this temperature until a new value is set. A null 
meter on the temperature control panel indicates the state of the 
temperature of the cold head. When the null meter is to the left of 
the null position the temperature of the cold head is then above the 
set temperature. There is no output from the controller to the heater, 
and the temperature lowers. At null the exact resistance of the sensor 
is indicated on the set temperature dial and range switch. When the 
null meter is to the right of the null position, power is supplied 
to the heater and raises the temperature of the cold head. Any increase 
or decrease in temperature is sensed about a chosen temperature setting 
and the heater power is increased or decreased by an amount proportional 
to the error signal. The controller automatically provides the 
required power to the silicon heater to maintain the set temperature 
with a precision of + 0.025°K, claimed by the factory. The set 
temperature range is from 180°K to approximately 25°K. The latter is 
influenced by the ambient temperature and heat radiation losses to 
the "Cryomite" cold head. 
18 
2. X-Ray Generator and Diffraction Tubes 
The generator employed for x-radiation was a Siemens 
Kristalloflex II, type H2w, a 2000 watt, half-wave rectified generator, 
variable from 20 to 50 KV and up to 40 ma. The generator was 
equipped with a high voltage cable to supply the x-ray tube remotely 
mounted in a horizontal tube holder (Fig. 3A). Oil shielded x-ray 
diffraction tubes with either copper or cobalt anodes were used for 
experimental results. The tubes were aligned with the 1 mm by 1 mm 
spot focus at a six degree take off angle. 
3. Vacuum System 
The standard Cryomite Mark III C requires a vacuum insulation 
for the cold head. Vacuum requirements are not unreasonably high. 
However, in order to insure against excessive radiation losses to 
the cold head during low temperature operation, a Leybold three 
stage mercury diffusion pump (Fig. 2E) and a supporting mechanical 
roughing pump were utilized. The valve design of the Leybold dif-
fusion pump allowed by-passing this pump during roughing down 
periods or for holding periods when the "Cryomite" was not in use. 
Water cooling was provided for the pump and a liquid nitrogen 
trap of stainless steel for freezing out the mercury vapor. A 
vacuum of less than one micron was maintained during exposures at 
low temperatures and this was measured by a thermocouple vacuum 
gauge. 
4. Symmetrical Back Reflection Camera 
Many applications of x-ray diffraction require accurate 
determination of the lattice parameters of the materials under 
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investigation. Thermal expansion coefficients of small amounts of 
a substance (even a few mg) can be determined without a dilatometer, 
by measurements of the lattice parameter as a function of temperature 
in either a high or a low temperature x-ray diffraction camera. The 
process of measuring the lattice parameter is an indirect one and i.s 
in such a manner that high precision and accuracy are obtainable 
with proper techniques and experimental equipment. If the Bragg angle 
is measured for a set of planes, then the Bragg equation can be used 
to determine the spacing between this set of planes. The lattice 
parameter can then be determined from the spacing value in a material 
(27) 
of known crystalline structure by using the proper formula • 
Hovrever, from Bragg's law the precision of the lattice spacing 
depends on the sine of the angle ·and the sine of the angle changes 
very slowly with the angle in the region of 90 degrees. As an 
example, an error of one percent in the determination of the angle 
at 85 de.grees produces an error of only 0.14 percent in the sine of 
the angle while the same error at 20 degrees results in 3.57 percent 
error. For this reason an accurate value of sine 8 can be obtained 
only from a measurement of the Bragg angle which is between 75 and 
90 degrees. 
One of the most suitable cameras for lattice parameter 
measurements is the symmetrical back-reflection focusing camera as 
illustrated in Fig. 5. The film straddles the x-ray entrance slit 
and the specimen is placed diametrically opposite the slit. The 
film is usually punched in the center to allow the passage of the 
incident beam. In the construction of the camera, it is imperative 
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FILM 
Figure 5. Symmetrical back reflection focusing 
camera. One hkl reflection plane is 
(28) 
shovln • 
that the slit, the sample, and one face of the film are placed in 
the same circle. Thus the radius of this circle is the radius of 
the camera( 2B). 
The value of the angle e for any diffraction line may be cal-
culated from the relation for Fig. 5 
L = 4R (n - 2e) 
where L is the curved distance on the film between corresponding 
diffraction lines on either side of the incident beam and R is the 
radius of the camera. 
The design of an x-ray diffraction camera immediately leads to 
the question of the most appropriate radius. The smallest radius 
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(2) 
which may be used is that which will separate the Kal and Ka2 in the 
high angle region a distance not less than twice the width of the 
lines on the film. The resolving power is found from differentiation 
of equation (2) for the back reflection camera and gives 
~e = - l/4R ~(L/2) (3) 
where ~(L/2) is the separation on the film of two reflections dif-
fering in Bragg angle by ~e. Combination of this equation with that 
obtained by diff erentiating the Bragg law 
De/Dd = - 1/d tan e (4) 
gives the r esol v i ng power 
d/~d 4R = ~(L/Z) tan e. (5) 
By considering the wave length of Cu Kal and Ka2 (27), the required 
resolution can be determined. 
= 1.54433 R 
= 1.54051 R 
• 
t:.A. = o.oo382 R 
then A./t:.A. = 1.54178/0.00382 = 404 
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which the camera must exceed for resolution. For the 420 plane of 
molybdenum at room temperature, the value of 0 is approximately 82°. 
The line width is approximately 0.020 inch (0.508 mm) and the lines 
of the doublet will be resolved if their separation is twice their 
width. Thus 
b.(L/2) = 2 (0.020) = 0.040 inch (1.016 rnrn) 
If a camera radius of 1.4375 inches (36.513 mrn) is considered, then 
= (4) (1.4375 in) (25.4 rnm/in) (tan 82°) = 
lnun 1039 
Since this value exceeds that for the Cu ratio (A./61.. = 404) the lines 
should be resolved even at values for 0 of less than 80°. 
A back reflection camera with a diameter of 2.875 inches 
(73.03 mrn) was designed to mount directly on the stainless steel 
vacuum jacket which enclosed the cold head of the "Cryomite" (Fig. 4B). 
The basic vacuum jacket and back-reflection camera with supporting 
components are shown in Fig. 6 and 7. 
The choice of construction materials for the camera and vacuum 






Figure 6. Vertical section of camera showing 
placement of specimen, Pt sensor, 






Figure 7. Top view of the camera indicating placement 
of specimen holder, cold head, film, and x-ray 
beam slit. 
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For these reasons, yellow brass and mild carbon steel were used 
throughout the construction. All jointing operations on the vacuum 
jacket were made with silver brazing alloys for assurance of suf-
ficient strength and low leakage. Distortion was encountered in 
brazing the mounting flange to the vacumn jacket, therefore, it 
was necessary to machine the face of this flange after brazing to 
the vacuum jacket. By this procedure the camera mounting platform 
was held normal to the face of the cold head. 
Since distortion could not be permitted in the film holder, the 
spacer between the upper and lower parts of the film holder \·vas 
soldered with a low lead content soft solder. In order to hold the 
high tolerance required of the fit between the film holder and the 
film holder guide, the upper and lower parts of the film holder were 
machined to size, joined with the spacer and finally, the film holder 
guide was machine ground to fit the film holder. 
The unique feature of multiple exposures was accomplished by 
raising the film holder a distance determined by the exposure slit 
width in the film holder guide. The film holder was raised through 
a screw drive by two small one rpm motors which were mounted below 
the film holder platform (Fig. 6). Connection of the screw drive 
mechanism and the motor drive shaft was made by a half-round slip 
fit enclosed by a collar pressed on the lower end of the screw. A 
single exposure width of 0.224 inches (5.69 mm) was obtained by 
raising the film holder four revolutions of the screw drive. Four 
revolutions of the screw drive were determined by timing for four 
minutes with the center switch on the motor control panel in the on 
position, Fig. 8. Individual motor positioning for initial loading 
o.f ,the film holder was obtained by individual motor switches on 
the motor control panel. An illustration of the wiring for the 
1110tor controls is shown in Fig. 9. 
The normal procedure for multiple exposures was to place 
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the film holder in the lowest position, that is resting on the 
p1atform with the screw drives engaged in the motor shafts. The 
f:irst exposure was made in this position as shown in Fig. 3. By 
this method the drive motor shafts were ah.:rays started from the same 
position and this enabled the operator to load the film holde'C t:.nder 
safe light conditions. 
Six exposures were made on a single film by raising the film 
oo,lder four revolutions of the motors between each exposure. The 
final exposure position of the film holder is shown in Fig. 10. 
To remove the film holder, the operator simply removed the radiation 
shield and the beam slit, then slipped the film holder upward until 
contact was lost with the film holder guide. 
Most designs of the back reflection camera either oscillate the 
specimen around the camera axis or translate it parallel to this 
axis(29). However, Westgren( 30)obtained narrow uniform lines in the 
high angle region without movement of the specimen by using fine 
grained materials. Narrow lines were not obtained on the present 
camera until the collimating slit was reduced to 0.012 inches (0.305 mm) 
in width. Micro-densitometer traces of line profiles with a ten to 
one lever arm ratio are illustrated in Fig. 13 for slit widths of 
0.031, 0.021, and 0.012 inches (0.79, 0.53 and 0.30 mm) respectively. 
Line widths determined at one-half peak heights vary from 0.287 
Figure 8. Components with camera film holder: 
A - screw drive for film positioning 
B - film positioned in film holder 
.c - switch panel for motor control 





Figure 9. Wiring diagram for the film holder 
drive motors. 
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Figure 10 . View of the film holder in the 
raised position and other components: 
A - radiation shield removed from the camera 
B - collimator holder 
C - film marking light 
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Figure 11. Front view of film holder guide and x-ray 
beam slit in the slit holder. 
Figure 12. Top view of film holder guide and 
beam slit holder. 
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Figure 13. Microdensitometer traces of line 420 of a 
molybdenum specimen, cobalt Ka2 radiation, 
showing influence of slit opening on line 
width; (a) slit width 0.031 in (0.79 mm), 
(b) 0.021 in (0.53 mm) and (c) 0.012 in 
(0.30 mm). All the slits were 0.062 in 
(1.57 mm) in height. 
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inches (0.73 mm) for the 0.031 inch (0.79 mm) slit to 0.157 inch 
(0.40 mm) for the 0.012 inch (0.30 mm) slit. A slit height of 
0.062 inches (1.57 mm) was retained for all slit widths. 
5. Temperature Calibration of the Cryostat 
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The temperature controller for the "Cryomite" utilizes resistance 
thermometry with a platinum surface temperature sensor mounted on the 
cold head of the "Cryomite" and wired as the unknown arm of a 
Wheatstone bridge. Each platinum sensor is supplied with a calibration 
chart of resistance versus temperature, Appendix A. The platinum 
sensor calibration is not the set temperature for the "Cryomite" 
controller. This discrepancy is due to the fact that the D.C. 
amplifier supplies the power to the heater on the cold head of the 
"Cryomite". At the upper end of the temperature operating range 
of the "Cryomite", the power required for the heater is higher than 
at the lower end of the range, hence, the greater the deviation 
between the calibration chart for the platinum sensor and the set 
temperature value. At lower temperatures, the correlation between 
the set temperature and the platinum sensor is higher. 
To obtain maximum precision of temperature and resistance 
settings for temperatures within the operating range, a separate 
calibrated platinum sensor (H 17) was compared to the control sensor 
and the resistance for each temperature setting was determined. 
The calibration sensor was placed on the face of the cold head in 
the same position as that of the powdered samples. A separate 
silver holder was designed with a dove-tailed recess for this 
purpose, It is illustrated in Fig. 15b. Induim shims, 0.001 
inch (0.025 ~n) in thickness, were used between the sensor-sensor 
holder and sensor holder-cold head contact areas. Resistance 
values for the calibration sensor were made on a Leeds and 
Northrup Kelvin bridge series 4287, equipped with a reflecting 
type galvanometer series 2436. The measurable resistance range 
of the Kelvin bridge was 0.0001 to 110.1 ohms. The maximum limit 
of error for the Kelvin bridge was + 0.05% and a minimum limit 
of + 0.03% of the reading in the upper resistance range. The 
internal light-beam galvanometer provided sufficient sensistivity 
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to detect a+ 0.1% change when measuring 0.0001 ohm; a+ 0.02% change 
when measuring 0.001 ohm and 0.01% change or better when measuring 
0.01 ohm or more. Sensistivity was based on one-fifth millimeter 
deflection of the galvanometer. 
Resistance settings on the "Cryomite" controller were determined 
by bracketing in on the correct resistance setting for the desired 
temperature. Temperatures were approached from a higher setting by 
reducing the resistance setting on the controller until the correct 
resistance was reached on the Kelvin bridge. After the correct 
setting was determined, the system was allowed to idle at this value 
for fifteen minutes. Then x-ray radiation was directed on the sensor 
for fifteen minutes. The x-ray radiation source was a copper anode 
with a 40 kilovolt potential and 25 milliampere current. Readings 
on the Kelvin bridge were recorded at the beginning and at the end 




Cryomite temperature calibration 
Kelvin Bridge Sensor Hl7 (Q) 0 TemEerature K Cryomite 
Desired 15 Min. 15 Min. L\R L\T Desired Value Controller 
Value After X-Radiation* Q OK Value Obtained Setting(Q) 
Null 
63.017 63.010 63.067 +.057 +0.137 180.0 180.12 64.75 
54.649 54.650 54.650 +0.000 +0.000 160.0 160.00 56.20 
46.195 46.180 46.230 +0.050 +0.118 140.0 140.08 47.42 
37.643 37.645 37.650 +0.005 +0.012 120.0 120.02 38.68 
28.978 28.978 28.980 +0.002 +0.005 100.0 100.01 29.66 
24.599 24.600 24.620 +0.020 +0.045 90.0 90.05 25.23 
20.205 20.207 20.210 +0.003 +0.007 80.0 80.01 20.68 
15.853 15.870 15.875 +0.005 +0.011 70.0 70.05 16.28 
11.613 11.620 11.640 +0.020 +0.048 60.0 60.06 11.92 
7.658 7.660 7.683 +0.023 +0.060 50.0 50.06 7.83 
4.258 4.254 4.323 +0.069 +0.202 40.0 40.17 4.20 
* X-ray radiation from a copper target tube with the generator operating 
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Figure 15. (a) Two views of silver specimen holder and 
(b) holder modified for platinum surface 
temperature sensor. 
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Figure 16. Film hold down strip with two 0.012 in 
(0.305 mm) holes for de t e rmini ng film 
length. 
Inspection of Table II shows a maximum temperature change of 
0 less than 0.2 K during the fifteen minute x-ray radiation period 
and all changes of temperature, if a change was detected, \vere 
positive. Changes of temperature during similar holding periods 
without x-ray radiation, varied in both positive and negative 
directions. Therefore, the increase of temperature during the 
radiation interval was most likely due to the x-radiation. Final 
"Cryomite" controller settings were adjusted at each calibration 
0 temperature in the range of 40 to 180 K, to offset the increase in 
temperature caused by the x-ray radiation. 
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The system was evacuated to less than one micron for calibration 
tests. Conditions for the calibration test where as near to experi-
mental conditions as possible, including undeveloped film loaded in 
the film holder. The one exception was that of not moving the film, 
since the instrument lead through on the vacuum jacket of the camera 
was utilized for the Kelvin bridge connections. 
6. Correction for Film Length Changes 
The process of precision determination of lattice parameters 
by a symmetrical back reflection camera requires exact knowledge of 
the camera radius and elimination of changes of film length since 
h f 1 1 d . h . 1 s . . i ( 3l) t e i m is not p ace 1.n t e asymmetr1.ca or trauman1.s pos1t on • 
The design of the camera used in this investigation permitted 
accurate measurement of the camera diameter. However, initial 
determinations of lattice parameters yielded erratic results which 
were due, to a large extent to film length changes. Attempts to 
mark the film with fiducial markers which were mounted on the outer 
lower edge of the exposure slot in the film holder guide were un-
successful for two reasons: first, the separation of the film from 
the marker by a distance of 0.094 inch (2.39 mm) and, second, the 
low angle position of the fiducial markers in respect to the sample 
position. Both factors contributed to a low contrast of the 
fiducial shadow on the background. 
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Buerger(32 ) has described a method for producing fiducial spots 
on the film by small openings in the camera wall which can be opened 
to the light. Since the camera employed for this investigation was 
evacuated, two miniature light bulbs were encased in metal holders and 
mounted in openings in the frame of the film holder for an internal 
light source. The bulbs were held in position during operation by 
spring clips and could be removed from the film holder for film 
loading operations. Flexible leads through the vacuum jacket to two 
batteries, a meter, and a switch completed the requirements of the 
light source for fiducial spot marking on the film, (Fig. 3 and 4.) 
The actual distance between fiducial spots on the film was 
determined by replacing the film in the camera with a brass metal 
strip of the same dimensions as the film, including thickness of 
the film, then drilling two holes 0.012 inch(0.30 mm) in diameter 
through both the film . hold down strap and the inserted brass strip 
(Fig. 16). Measurements of the distance between holes on the brass 
strip were made on a comparator with values to the nearest 0.001 mm 
and are included in Appendix B. The average distance between centers 
of the fiducial markers was 137.6274 mm. This value was determined 
from five sets of measurements and each set contained five readings. 
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Each set of readings were read at intervals of several hours to 
allow for room temperature variations. Fiducial spots of high 
definition and contrast were produced on the films (Fig. 18), 
and were used to determine a specific film length correction factor 
for each film after its development. 
Claassen et al. ( 33) have reported that the amount of shrinkage 
suffered by a film depends principally upon the washing time, and 
generally ranges between 0.2 and 0.3 percent if the washing time is 
not less than 30 or more than 60 minutes. In addition, films 
subjected to a vacuum for an extended time may shrink due to loss 
f . (28) o mo1sture • Results of tests made on two films are shown in 
Table III and in Fig. 17. In the exposure procedure, the film was 
loaded and held in a rough vacuum over night, then exposed the 
following day to x-radiation and to the fiducial spot lights. A 
major portion of the film shrinkage caused by moisture loss under 
the vacuum should be absorbed again by the film during the processing. 




Film weight due to moisture absorption 
Time Interval Film 1 Film 2 
Weight, gm. Weight, gm. 
initial 3.2902 3.2850 
12 hours 3.2470 3.2461 
vacuum 
30 min 3.2635 3.2620 
atmosphere 
1 hour 3.2740 3.2730 
atmosphere 
2 hours 3.2780 3.2771 
atmosphere 
3 hours 3. 2804 3.2784 
atmosphere 










\ 0 0 










:.:::: -J 1 ST FILM 0 
0 









IN VAC. 1 2 3 4 
12 HRS. 
TIME (HRS) IN ATMOSPHERE 










Figure 18. Six exposures of an aluminum specimen 
at different temperatures were obtained 










Limitations of Experimental 
The symmetrical back reflection camera is preferred for work of 
the highest precision, since the position of a diffraction line on 
the film is twice as sensitive to small changes in plane spacing 
with this camera as it is with a Debye Scherrer camera of the same 
diameter. It is, of course, not free from sources of systematic 
error. The most important systematic errors include film shrinkage 
and subsequent expansion, incorrect camera radius, and displacement 
of the specimen from the focusing circle. 
The film length changes due to shrinkage were corrected by 
fiduciary marking during the exposure to x-rays and are described 
in a previous section. 
The camera design permitted close control of the camera 
diameter in the production of the camera. The greatest error 
possible in this dimension was not more than+ 0.0005 inch (0.0127 mm). 
The corresponding maximum change in lattice parameter in the region 
of theta values of eighty degrees was less than one part per 
million and was, of course constant. Therefore, this error was 
disregarded in lattice values determined to the fifth decimal place. 
Displacement of the specimen from the focusing circle could be 
more serious in error than the camera diameter measurement error. 
To minimize this error the specimen holder was machined with a 
radius of 0.001 inch (0.025 mm) greater than that of the camera. 
This allowed for the placement of a powder layer of the substance 
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under investigation of approximately 0.002 inch (0.051 rom) 
thickness on the face of the specimen holder. Since no diffraction 
lines from the silver specimen holder were detected with properly 
mounted, 0.002 inch (0.051 mm) thickness powder specimens, the off-· 
set of 0.001 (0.025 mm) was considered to cancel the displacement 
error. 
The camera design did not permit either oscillation of the 
specimen about the center of the focusing circle or translation 
parallel to it. Therefore, it was necessary to have powder specimens 
of less than 20 micron particle size in order to produce continuous 
diffraction lines. 
The accurate measurement and control of the temperature of the 
specimen in the operating temperature range was of utmost importance. 
Since change in resistance with a change in temperature is a 
measurable quantity, it is often used as an indirect and reliable 
temperature sensor. 
The ideal metallic element used for a resistance thermometer 
should have the following desirable properties(34): 
(1) a resistivity that varies linearly with temperature, 
(2) a high sensitivity, 
(3) high stability of resistance, 
(4) uniformity between specimens, and 
(5) capability of being mechanically worked. 
Of the pure metals, platinum thermometers are the best known and the 
most reliable thermometers in use today. Barber(35) has described 
the highly successful types. The platinum thermometer is considered 
to be a secondary standard for the temperature range of 15 to 90°K 
and defines the International Temperature Scale from -183 to 630°C. 
Its principal advantages over other pure metals are exceptionally 
high purity, reproduction and ability to withstand mechanical 
working. Camera design, for placement of the temperature in the 
exact position of the sample, required forming of the platinum 
sensor leads in the immediate area outside of the insulating cover. 
The design of the camera, with the film holder guided by a 
cylindrical member, required a clearance of less than 0.001 inch 
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(0.025 tnm) in order to retain the film in the focusing circle for all 
six exposures. Since this tolerance was set at room temperature, 
any appreciable temperature drop in the film holder temperature could 
have caused the film holder and guide to seize. Measurements of 
the film holder temperature when the cold head temperature was 40°K, 
0 indicated a drop of less than 1 K below the temperature of the film 
holder when the cold head was at room temperature. No difficulty 
was encountered in raising the film during the numerous experimental 
multiple exposures. 
The maximum value of 0 obtainable on the symmetrical back 
reflection camera used in this investigation was 86 degrees. A 
minimum of 58 degrees for 0 was possible. However, the characteristic 
of the sine function may cause a decrease in accuracy in the 
low angle region. In additi on, single emulsion film should be us ed 
if diffraction lines are to be considered in the low angle areas. 
V. SUMMARY 
1. A symmetrical back reflection x-ray diffraction camera designed 
to mount in an evacuated cylinder enclosing the cold head of a 
helium gas pressurized "Cryomite"has been successfully employed 
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for lattice parameter studies of metal powder specimens to temperatures 
0 
as low as 30 K. 
2. A symmetrical back reflection x-ray diffraction camera with a 
2.875 inch (73.03 mm) diameter is sufficient to resolve the Kal and 
Ka 2 lines at theta values of 80 degrees or higher. 
3. Multiple recordings can be made on a single film by design of a 
movable film holding device positioned for each exposure by small 
electric motors mounted in the evacuated enclosure below the film 
holder. 
4. In order to obtain narrow, well-defined diffraction lines in the 
high angle region with a stationary specimen, a slit width of 0.012 
inch (0.305 mm) or less is required for cubic metal powders. 
5. Temperature control of powder metal specimens within+ 0.2°K 
in the temperature range of 40 to 180°K was obtained with the 
Mark VII Model C helium gas pressurized "Cryomite". 
6. Small powder metal specimens can be cooled to a temperature in a 
range of 180 to 40°K in less than thirty minutes with the "Cryomite". 
7. Measurement of the film holder temperature change during cooling 
and x-radiation periods showed extremely low heat losses to the 
specimen with a vacuum of less than one micron. 
8. Fidicuary marking of x-ray film during exposure by miniature 
lamps proved to be an effective technique for determining film 
length changes caused either by evacuation or processing. 
9. Exposure periods of thirty minutes or less are ample time for 
obtaining well defined diffraction lines with cubic metal powder 
specimens in a 2.875 inch (73.03 mm) diameter symmetrical back 
reflection camera. 




EXPERIMENTAL RESULTS FOR ALUMINUM, SILVER AND MOLYBDENUM 
VI. EXPERIMENTAL 
1. Materials, Source and Purity 
The high purity silver, 99.99+%, used for the melt of the 
specimen holder casting, was obtained in the form of splatters from 
the American Smelting and Refining Company. Silver of this purity 
was selected for its high thermal conductivity and also, in order 
to use the specimen holder directly as the diffracting specimen. 
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The design of the back reflection camera did not permit 
oscillation of the specimen. Therefore, fine particle size specimens 
were required to produce continuous diffraction lines rather than 
spotty lines. An attempt was made to obtain satisfactory lines from 
annealed aluminum (99.99+%) filings of less than 44 micron particle 
size. Results were unsatisfactory and confirmed Klug et al.C29) 
opinion that a specimen should be approximately 20 micron or less in 
particle size in order to obtain highly uniform lines without 
oscillation of the specimen e.g., in a symmetrical back reflection 
camera. 
Many metal powders are available in less than 20 micron particle 
size. However, purity is usually sacrificed with powders of less 
than approximately 25 micron particle size. This was the case for the 
aluminum, and silver powders used in this investigation. 
These powders were supplied by the Pierce Chemical Company, 
Rockf ord, Illinois. The composition of the aluminum powder was 
99.+% and the particle size from 8 to 15 micron. The purity of the 
silver powder was 99.7+% with a particle size of 5 to 25 micron. 
Hilger Limited, London, England was the supplier of the molybdenum 
powder with a listed composition of 99.9935% and a particle size 
range of 5 to 8 microns. Some oxides were present in both M02 and 
M03 forms. 
2. Preparation of the Silver Specimen Holder 
The specimen holder was cast into a rough ingot by melting 
the high purity silver splatters in an alumina boat. Protection of 
the molten silver from the atmosphere was insured by covering the 
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surface of the melt with a stream of argon gas until the silver ingot 
had cooled below the high solubility limit of 02 • The ingot was 
alternately cold worked and annealed to form a rough blank sufficient 
in size and shape for machining the final form (Fig. 15a). The 
final stage of cold working was not removed before machining. An 
optimum crystal size was determined by making several low temperature 
annealing runs with a diffraction pattern taken between each anneal. 
Diffraction pattern films were made with the sample holder in 
position in the back reflection camera. A total of 2.5 hours at 
110 ± 5°C was required in annealing to produce diffraction lines of 
sufficient quality to be read on the comparator. A 0.002 inch (0.051 mm) 
indium shim was placed between the silver specimen holder and the 
face of the cold head to improve conductance between the silver 
specimen and the cold head. This spacing placed the face of the 
specimen holder into the focusing circle of the camera. For powder 
specimens the 0.002 inch (0.051 rom) shim was replaced by one of 
0.001 inch (0.025 mm) thickness. 
3. Film Measurement 
Precision determination of lattice parameters fron. diffraction 
lines recorded on fi.lms requir.es a film measuring i.ns tru;•tent. capa~ le 
of an accuracy of at least + 0.001 mm. 
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Two film reading devices T~ere available for use in the investi-
gation. They \vere the David W. Hann two coordinate Hodel 829C 
comparator and tbe Joyce--Loebl double beam automatic recording 
microdensitometer Hodel MKIII. The former instrument is designed 
with two scales and can be easily read to 0.001 mm. on the fine scale. 
On the microdensitometer the distance between. the center of a pair of 
lines on a film is determined by measuring the distance betHeen 
peaks of lines on an intensity chart. Enlargement of distances between 
lines on a film can be obtained through variable lever arm ratios on 
the linkage between the recording table and the film holder carriage. 
Measurements of film lengths and calculations of the lattice 
parameters for molybdenum from three microdensitometer charts are 
given in Appendix C. Three traces were made with the microdensitometer 
of the pair of diffraction lines produced by W Lal radiation on the 
411 and 330 planes. The light beam was located on center of the 
exposed strip for the first trace , then 0.2 rnm above and belmv center 
for the two other traces. 
Comparison of the probable error for results with the micro-
densitome t er and those obtained from measl,lrements with the Mann 
comparator (Appendix E) show a probable error of one order of magnitude 
greater with the microdensitometer. Two factors influencing the 
increased error for the microdensitometer were the lever arm ratio 
error in transferring the length from the film to the chart and the 
use of a rather coarse grain high speed film (Kodak No Screen X-ray). 
Probable errors for readings with the Mann comparator were in 
acceptable l.imits; therefore, No Screen X-ray film was used for all 
film recordings. A choice of a lower speed film would have required 
longer exposure periods and possibly problems in film handling under 
the conditions existing in the tentative laboratory of the Materials 
Research Center. 
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Strict adherence to a specific routine in reading of film 
distances on the comparator was observed for all films. This included 
non-variation of room illumination and temperature during the reading 
operation, movement of the comparator carriage in the same direction 
for each reading, and placement of the film in the comparator with 
the lamp (being outside of the instrument) on at least thirty minutes 
previous to the first reading. 
4. Sample Calculations for Lattice Parameter Determination 
Equation (2) for the distance L between a pair of diffraction 
lines centered on the slit opening in a back reflection camera was 
given on page 20 as 
L = 4R (TI -20) 
where R is the radius of the camera and 0 is one-half of the angle 
between the primary x-ray beam and the diffracted line (Fig. 5.) 
Solving equation (2) for the angle gives 
0 = (TI/2) - (L/8R) 
Determination of 0 in degrees for the following values 
TI = 3.14159 radians 
1 radian= 57.2958 degrees 
R = 36.5126 mm 
gives 0° = 90.0 - 0.196151 L 
where the constant 0.196151 was determined from the radius of the 
camera used 'in this investigation. Data for the sample calculation 
refer to film number 69 exposure A, Appendix E and are as follows: 
A = 1.54051 R( 27) 
Cu Kal 
Diffraction planes hkl were 333 and 511 
Determination of 8 for the corrected value of L is 
0° = 90.00 - (0.196151 X 35.3850) 
0° = 83.0592 




Combining Bragg's Law of diffraction 
n>.. = 2d sin 0 
with the equation for d, the distance between adjacent planes in the 
set hkl 
gives the relationship for a for :?. first o:rde:r reflection 
0 
Solving a0 for exposure A film 69 
a - 1.54051 (27) 1/ 2 I 1.99534 
0 
This value for a does not include the refraction correction. 
40°K 
5. Computer Programs 
A program for the IBM 360 Model 50 computer was written for 





This program is given in Appendix D. Values obtained for all lattice 
parameters were made with double precision since single precision 
produced only four significant figures and are listed in Appendix E. 
Since slightly different curves can be drawn for a set of 
experimental points, it is usually desirable to have an objective 
analytical method of finding the curve which best fits the data. 
Such a method is tha.t of the least squares~ A computer program for 
the least squares ~it, based on regression analysis of polynomial 
models(40) is given in Appendix F. Calculations were completed 
through the fifth degree. 
6. Refraction Corrections 
The lattice parameter refraction corrections were determined 





where a is the lattice parameter to be corrected for refraction, 0 
P is · the experimental density of the substance in gm/cc, and hkl 
are the Miller indices of the diffracting plane from which the lattice 
parameter was determined. 
The refraction corrections calculated from the previous formula 
for the metals in this investigation are listed in Table IV. These 
corrections, caused by the slight difference in the wave length of 
x-rays in air and in the diffracting medium, were added to the 
proper lattice constants in order to correct for the deviation from 
Bragg's Law. 
Jette et al. ( 2S) have suggested a different refraction correction 
equation for the back reflection camera. Use of their equation for 
refraction correction values would have decreased the values by 
0.00001 R.for Al, 0.00002 j for Ag, and 0.00003 j for Mo. 
7. Sample Mounting Methods 
When investigating materials at low temperatures there is always 
an uncertainty as to the actual temperature of the specimen or 





Specimen Radiation Wavelength Diffraction Refraction 
(~) (27) Plane Correct:i.on d~) 
Al Cu Kal 1. 54051 333,511 +0.00003 
Mo w Lal 1.47635 l1ll ,330 +0.00010 
Cu KB 1.39217 420 +0.00009 
Ag Co Kal 1. 78892 420 +0.00019 
----- - -- - -
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The x-rays hitting the surface layer of the specimen at low 
temperatures may increase the temperature differential across the 
specimen section~ because of the decreasing heat capacity of the 
sample. Mounting techniques used for powder specimens (loose 
powder away from the cold head) may also influence the heat flow, 
so that the particles in the front may have a slightly higher 
temperature than those close to the silver sample holder. 
The following section of this investigation was an attempt to 
determine a difference, if present, with specimens mounted by 
different techniques. The three mounting methods were: (1) outer 
face of the solid Ag (99.99+%) sample holder as the specimen, (2) 
Ag powder (99.7+%) mounted in a thin layer of petroleum jelly (vaseline), 
and (3) Ag powder (99.7+%) pressed into a 0.001 inch (0.025 mm) 
layer of induim foil on the face of the Ag specimen holder. A total 
layer thickness of 0.002 inch (0.051 mm) was observed in both powder 
specimens. Mounting of the Ag powder in the In layer required gentle 
pressure so as to avoid cold working of the Ag powder. 
Results for lattice parameters with specimens mounted as 
described are given in Table V and Fig. 19. A comparison of lattice 
parameters at the same temperature shows higher values for the high 
purity silver than for the low purity powder. This difference is 
greater than the probable error and may be due to the higher impurity 
content for the powder specimens. Two common impurities of silver 
are copper and magnesium. Both have smaller atomic diameters and 
limited solid solubility in silver (0.2 w/o Cu and 6.0 w/o Mg at 
473°K(38)), which could be a contributing factor to the decrease of 
Temp Film 
OK No. 
180 99 A 
" B 
" c 
140 99 D 
" E 
" F 
100 98 A 
" B 
" c 
so 98 D 
" E 
" F 









Lattice Parameters for Silver Specimens 
With Different Mounting Techniques 
Lattice Parameters* 
Ag Specimen Film Ag Powder Film Ag Powder 
Holder No. in No. in 
Vaseline Induim 
99.99% Ag 99.7% Ag 99.7% Ag 
4.07893 104 A 4.07797 108 A 4.07801 
4.07908 B 4.07795 B 4.07801 
4.07912 c 4.07796 c 4.07799 
4.07652 104 D 4.07554 JOe D 4.07552 
4.07637 E 4.07552 E 4.07533 
4.07614 F 4.07546 F 4.07508 
4.07360 103 A 4.07264 107 A 4.07247 
4.07370 B 4.07270 B 4.07249 
4.07375 c 4.07277 c 4.07247 
4.07233 103 D 4.07160 107 D 4.07143 
4.07238 E 4.07164 E 4.07144 
4.07234 F 4.07164 F 4.07140 
4.07115 102 A 4.07052 106 A 4.07042 
4.07113 B 4.07049 B 4.07044 
4.07110 c 4.07058 c 4.07044 
4.07034 102 D 4.07022 106 D 4.06962 
4.07037 E 4.07005 E 4.06966 
4.07032 F 4.07006 F 4.06974 
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Figure 19. Lattice par ameters determined wi th dif f er ent 
mounting t echniques for silv er spec imens. 
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diameter obtained with the low purity samples. 
Differences of lattice parameters obtained from the same 
purity specimens but with different mounting techniques (0.0002 X at 
80°K) are within the limits of the probable error. The sample mounting 
medium does not appear to cause a detectable change of the lattice 
parameter. 
8. Lattice Parameters Versus Kilvoltage and Milliamperage Settings 
It has been found empirically that for optimum intensity of the 
characteristic x-radiation relative to that of the continuous radi-
ation, an applied voltage of about four times the critical excitation 
voltage is required( 29). Guinier(37) states that the intensity of 
the characteristic radiation increases with the applied voltage 
according to the relation 
I = Ai (V - V )l.S k 
where i is the tube current, V is the voltage applied, Vk is the 
critical excitation potential for the target material, and A is a 
constant. 
If the sample temperature in cryogenic x-ray technique is in-
(11) 
fluenced by either the characteristic or continuous x-radiation, then 
it is desirable to determine voltages and milliamperages which will 
minimize this influence. 
Lattice parameter determinations were made with molybdenum 
powder specimens exposed to copper radiation produced at generator 
settings of 50 KV, 21 rna and 45 KV, 23 rna. Two exposures were made 
0 
with the above settings at six temperatures from 40 to 180 K. 
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Average lattice values from films 112, 113, 114 and 115 have been 
plotted in Fig. 20 and show slightly higher values for exposures 
made with the 50 KV 21 ma setting. No definite conclusion can be 
stated from this observation, as the difference in the x-ray energy 
of the two beams in the experiments was too small. However, it 
would seem that the spread in lattice values was greater in the 
lower temperature range than at the higher values since the specific 
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Figure 20. Molybdenum lattice parameters for variation 
of the kilovoltage and milliamperage on the 
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Figure 21. A diagram depicting the extreme drop in specific 
heats for metals in the cryogenic temperature 
range (39). 
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9. Lattice Parameters and Thermal Expansion Coefficients 
A. Aluminum 
Lattice parameter determinations were made with 99.+% aluminum 
powder specimens mounted in a thin layer of petroleum jelly on the . 
face of the silver specimen holder. Six exposures at 40, 60, 80, 
0 100, 140 and 180 K were taken for each temperature. Five readings 
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for each exposure of film distance between the 333 or 511 diffraction 
lines for copper Kal radiation were read on the comparator and are 
listed in Appendix E (films 69 to 74). Averages of lattice parameters 
obtained by direct calculations and least squares fit for each 
temperature are given in Table VI and are plotted in Fig. 22 together 
with those of Figgins et al. (22) Bijl et al. (l9) and Gibbons( 20). 
Lattice parameter values, listed in Table I for Bij 1 et al. (l9) and 
Gibbons(20), were calculated from expansion coefficients with 273°K 
as the reference point. 
Aluminum lattice constants obtained in the present investigation 
agree closely within the probable error range with the results obtained 
by Figgins et al. ( 22) Aluminum lattice constants calculated from inter-
ferometric expansion coefficients with reference to 273°K are higher 
in the lower temperature region than values obtained by x-ray dif-
fraction methods. 
Linear coefficients of thermal expansion of aluminum were determined 
from the equation for the f ourth degree least squares coeff i cients 
(Appendix F). This equation from the computer program is 
65 
- 4.827679 (lo-12) T4 (12) 
where at is the lattice parameter at temperature T. The first 
derivative of equation 12 determines the slope of the curve and is 
dat 5 7 
dT = -1.661333 (10- ) + 5. 6681L~3 (10- ) T + 2. 969422 (10-9) T2 
(13) 
at the temperature T. 
Finally the thermal linear coefficient of expansion is 
with at the lattice parameter at 273°K. Values of a obtained in the 
0 
present investigation, with those of Figgins et al. {22) and Gibbons {20) 
are listed in Table VII. A graphical comparison of these results is 
given in Fig. 23. Gibbons( 20) values for a which were determined by 
interferometric methods are lower in the temperature range below 100°K 
{Table VII and Fig. 23) than corresponding values determined by x-ray 
diffraction methods. Present results are in close agreement with 
values found by Figgins et al. ( 22) (Fig. 22 and 23). 
B. Silver 
Lattice parameters for 99.7 weight percent silver from films 106, 
107, and 108 (Appendix E) are listed in Table VIII. The values were 
TABLE VI 
Aluminum Lattice Parameters* 
Present Work 
Temp Film Raw Least Figgins Bij1 
OK Number Average Squares et . al. (22) t 1 (19)** e a • 
20.0 4.03186 4.03223 
30.0 4.03225 
32.3 4.03191 








80.0 71 4.03294 4.03291 4.03312 
85.7 4.03314 





140.0 73 4.03621 4.03621 
180.0 74 4.03902 4.03902 
*All values include a refraction correction of +0.00003 R 
** Values calculated from expansion coefficients 
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Figure 22. Aluminum lattice parameters obtained by inter-
ferometric and x- ray technique. 
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TABLE VII 
Aluminum linear coefficients of expansion 
Temp 10
6 CL 
OK Present Results* Figgins**( 22) Gibbons ( 20) 
38.35 2.041 
40.00 2.396 1.87 
49.75 4.156 
50.00 4.052 3.21 
60.00 6.004 4.83 
60.55 4.533 
70.00 7.733 6.82 
70.50 8.785 
80.00 9.414 9.00 
80.35 9.929 
90.00 11.859 10.99 
95.95 11.811 
100.00 13.910 14.05 
110.70 13.726 
120.00 15.022 15.11 
120.10 16.639 
140.00 16.801 16.84 
150.00 17.61 
160.00 . 17.542 18.25 
* Values determined from fourth degree least square coefficients 
** Values determined from mean temperatures 
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obtained from powder samples mounted with an indium layer between the 
specimen and the silver sample holder. The average lattice values 
were determined from five separate line measurements on three 
exposures at each temperature. Least squares values for each average 
value were determined from the least squares program shown in 
Appendix F. 
Values are also given for Nix et al. (l7) and Frazer et al. (2l) 
which applied interferometric methods for the determination of expansion 
coefficients. The lattice parameters were calculated by using 
a273oK = 4.08435 2 as the reference point. 
Comparison of values determined in this investigation and calcu-
lated from the a - as of the two references are summarized in Table 
VIII. The graphical representation is shown in Fig. 24. 
The a - values are slightly higher from lattice parameters obtained 
by x-ray diffraction than those determined by interferometric methods. 
This general difference may be due in part to the variation of sample 
purity, as the silver of Frazer et al. (2l) contained Pb, Cu, and Ni in 
amounts of only 0.1 to 0.2 ppm and Fe of less than 1.0 ppm. Nix et al. (l7) 
used a 99.999% silver sample. That of the present investigation was 
99.7% purity. 
The linear coefficients of expansion at mean temperatures are 
tabulated in Table IX, and the graphical comparison is shown in Fig. 25. 
The a - variation is consistent throughout the temperature range used. 
C. Molybdenum 
Lattice parameters of 99.9935% purity Mo were determined over a 
. 0 
temperature range of 30 to 180 K. An additional determination at 
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TABLE VIII 
Lattice parameters of silver 
A comparison with those calculated from the a - as obtained 
interferometrically. 
Present Values Nix et al. (17) Frazer et al. (21) 
Temp Film Average Least Sq. 104t.'X-/'X- Interf. 104t.'X-/9.. Interf. 
OK j j j j, 
30.3 37.5123 4.06903 
40 106D,E,F 4.06967 4.06971 37.051 4.06922 
59.9 35.482 4.06926 
60 106A,B,C 4.07043 4.07033 
80 107D,E,F 4.07142 4.07132 
81.3 32.995 4.07088 
87 -31.853 4.07135 
99.9 . 30.338 4.07196 
100 107A,B,C 4.07247 4.07256 
103 -29.421 4.07234 
140 108D,E,F 4.07531 4.07537 
141 -23.465 4.07477 
180 108A,B,C 4.07790 4.07786 
181 -16.713 4.07753 
273 4.08435 4.08435 4.08435 
All lattice parameter values include a refraction correction of +0.00019 ~ 
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Figure 24. Graphical comparison of silver lattice par~neters 
0 from 30 to 180 K. 
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TABLE IX 
Silver linear coefficients of expansion 
Temp 10
6 a* 













* Values were detet~ined for mean temperatures from the coefficient 
equation: d1 aT = 1 dT 
m 0 
where T = T - T1/2 and 9.. = 4.08435 .R m 2 0 
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Figure 25. Linear coefficients of expansion for silver. 
295,6°K (Table X and Appendix E) was made for a comparison of values 
as determined by Straumanis et al. ( 40) in a precision camera on the 
same molybdenum sample. The lattice parameter value obtained in 
this investi.gation at 295.6°K was 3.14699R. Adjusting this value 
to 298°K by using a = 4.98 X 10-6 °C-l gives a2980K = 3.14702 R. 
Straumanis et al. (40) obtained a value of 3.14700 ~. 
Lattice parameters of molybdenum as determined in this investi--
gation and those calculated from the a values of Nix et al. (ll) and 
Corruccini et al. ( 2) are tabulated in Table X and plotted graphically 
in Fig. 26. Films listed in Table X and Appendix E were used for 
computing the a values as shown in a previous section. Values for 
Nix et al. (l7) and Corruccini et al. (2) have been calculated from a 
0 . 0 
reference value of 3.14673 A at 273 K, This was necessary siuce 
data in the two references were given in terms of length changes with 
0 ~eference to 273 K. 
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The a-values determined from Nix et al, (l7) expansion coefficients 
are lower in the 100°K region than those of this investigation, which 
may be attributed to differences of sample purity (Nix et al. (ll) 
reported a purity of> 99.95% Mo). Corruccini et al. (2) values have 
been determined with Gruneisen's(3) ratio from data reported by Nix 
et al. (l7). 
The linear coefficients of expansion, a, for molybdenum are 
tabulated in Table XI and plotted in Fig. 27. The difference in 
0 
expansion coefficients is greatest in the 180 and 40 K regions. 
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TABLE X 
Molybdenum lattice parameters 
Temp. Film Average Value Nix t 1 (17)* e a • Corruccini et al. (2) * 
OK .. i · X X 
30 30 F 3.144127 3.144000 
40 30 E,31 F 3.144143 3.144002 
60 30 D 3.144238 3.144042 
80 30 c 3.144283 3.144161 
86 3.144242 
100 30 B 3.144418 3.144326 
101 3.144356 
116.5 3.144508 
120 30 A 3.144626 3.144539 
140 31 D 3.144815 3.144776 
143.5 3.144811 
160 31 c 3.145066 3.145035 
161.5 3.145038 
180 31 B 3.145352 3.145313 
183 3.145342 
295.6 31 A 3.147089 
Refraction correction of 0.00010 ~ included in all values . 
* Values have been calculated from expansion coefficients with a 
reference value of 3.14673 X at 273°K. 
3.1453 
NIX ET AL. (17) 0 
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Molybdenum linear coefficients of expansion 
106 a 
Temp OK Present Results Nix et al. (l7) Corruccini et al. (2) 
30 0.51 0.20 
so 0.92 0.80 
70 1.44 1. 70 
86 2.38 
90 2.15 2.48 
101 2. 82 
110 2.88 3.10 
116.5 3.2 
130 3.50 3.58 
143.5 3.9 
150 3.98 3.95 
161.5 4.2 
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Figure 27. Linear coefficients of expansion for molybdenum. 
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VII. DISCUSSION 
Comparison of results of this investigation with those of previous 
researchers should include differences as to the methods and specimens 
employed. 
Values obtained for lattice parameters on aluminum in this work 
compare favorably with those of Figgins et al. ( 22) (Fig. 22) which 
were also obtained by x-ray diffraction methods. Values obtained by 
Gibbons( 20) and Bijl et al. (l9) with interferometric and dilatometric 
techniques were significantly higher. Specimen size for x-ray dif-
fraction methods may either be a few milligrams of fine powder for 
th b k fl t . f. t 1 . . F · · l ( 22) e ac re ec 10n camera or a 1ne me a w1re as 1n 1gg1ns et a • 
work, whereas, dilatometric and to a smaller extent interferometric 
methods normally require samples a few centimeters in dimensions, 
either single or polycrystalline in form. Gibbons(20) selected 
single crystal specimens of 99.99% aluminum to exclude the influence 
of grain boundary disregistry of atomic placement. A decrease in 
specimen size allows a closer placement of it to the cooling unit, 
and electrical heating device for x-ray diffraction instrumentation. 
Generally, it would seem reasonable to expect a difference in determined 
values by x-ray and interferometric methods due to the higher 
probability of thermal gradients with the larger dimensions of inter-
ferometric equipment. 
Thermal gradients are also influenced by the environmental con-
ditions surrounding the specimen and supporting equipment. Frazer 
et al. (Zl) have reported difficulties in interferometric apparatus 
at low temperatures. This particular difficulty due to a carrier 
gas is not encountered in this investigation for the camera is 
enclosed in a vacuum of less than one micron. 
Lattice parameters determined in this investigation for silver 
are slightly higher than values calculated from interferometric 
measurements of Nix et al. (l7) and Frazer et al. (Zl), which may be 
due to differences in the purity, size of the specimens, and appli-
cation of a carrier gas. A carrier gas w·as not required for the 
present diffraction method. 
In comparison of lattice values obtained for molybdenum by 
x-ray and interferometric methods, those calculated from interfere-
metric a-s are lower. Some of this difference may be due to the 
composition of the specimens since the respective purities were 
99.9935% and > 99.95% (Nix et al. (l 7)). 0 Values below 90 K reported 
by Corruccini et al. (Z) have been calculated from values reported by 
. (17) 0 N1x et al. for temperatures above 90 K. Therefore, values below 
90°K will follow the trend of those values determined at higher 
temperatures. 
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The x-ray diffraction technique for determination of the lattice 
parameters of metals and alloys at low temperatures has shown con-
siderable merit. Combination of a symmetrical back reflection camera 
with a pressurized helium "Cryomite" has reduced the time element 
required in obtaining controlled low temperatures and multiple 
recordings of lattice parameters. No liquid gas equipment is necessary. 
Improvements which will extend the useful application of 
this development are (1) the availability of high purity stress free 
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metal and alloy powders produced by special techniques in a particle 
range of one to ten microns, (2) the use of higher speed single 
emulsion fine grain films, (3) an extremely close control of 
environmEntal factors in precision fih1 readings, (4) an improved 
pressurized helium gas "Cryomite" for lower than 30°K operation 
· temperatures, and (5) design of a specimen holder so that the 
specimen is mounted on the insulating cover of a resistance thermometer 
which is in turn attached directly to the cold head of the "Cryomite". 
Successful attempts to extend x-ray diffraction techniques for 
determinations of the slight change in lattice parameters of crystalline 
materials at temperatures below 25°K will require refinements of the 
present methods. Reduction of the systematic and random errors to 
values of less than the change of lattice parameters is a nec.essary 
requirement. 
Mendelssohn( 42) has suggested that the decrease in thermal 
energy will lessen the fuzziness of the lines on x-ray diffraction 
patterns. However, it is suggested that the zero point energy of a 
material becomes the dominate factor as the temperature approaches 
absolute zero. Therefore, x-ray diffraction lines will always have 
0 
an inherent degree of broadness even at 0 K. 
Since the coefficient of expansion indicates the rate of change 
of the dimensions of a given substance,slight changes, either positive 
or negative, are extremely difficult to determine at temperatures 
where the specific heat is low or changes slowly with temperature, 
VIII. SUMMARY 
Summary of the first part is on page 46 of this dissertation. 
Summary of the second part: 
1. To obtain good x-ray diffraction patterns a particle size of 20 
microns or less is required for powder metal specimens in the non-
oscillating symmetrical back reflection camera. 
2. By strict adherence to a specific routine less error in reading 
distances on x-ray films is obtained with the Mann Comparator than with 
the Joyce-Loeble recording microdensitometer. 
3. Different specimen mounting methods do not influence a detectable 
change in the lattice parameters on 99.99+% purity silver with a 
particle size of 5 to 25 microns. 
4. No specific difference in lattice parameter values was obtained 
for Mo radiated with Cu Kal x-rays and a generator set at 50 KV, 21 rna 
and 45 KV, 23 ma. Thus, within this kilovoltage and milliamperage 
range the difference of heat developed by the x-ray was not detectable. 
5. The lattice parameter of aluminum determined by x-ray diffraction 
0 in the temperature range of 40 to 120 K was lower than that calculated 
from interferometric expansion coefficients. 
6. However, lattice parameters of silver by x-ray diffraction were 
0 
higher in the temperature range of 40 to 180 K than values calculated 
from interferometric expansivities. 
7. Molybdenum lattice parame t er values determine d by inter fe romet r ic 
and x--ray diffraction methods agree well in the temperature range of 
100 to 180°K, while lattice parameters calculated by interferometr ic 
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0 
methods below 100 K are lower than those determined by x-ray dif-
fraction methods. 
8. The linear coefficients of expansion are: 
Aluminum: 2.396 X 10-6 at 40°K 
9.414 X 10-6 at 80°K 
17.542 X 10-6 at 160°K 
Silver: 7.590 X 10-6 at 50°K 
15.180 X 10-6 at 90°K 
17.234 X 10-6 at 160°K 
Molybdenum: 0.51 X 10-6 at 30°K 
2.15 X 10-6 at 90°K 
4.54 X 10-6 at 170°K 
9. The reliability of the x-ray diffraction method for determining 
expansion coefficients should be higher than other methods because 
of the following advantages: 
(a) It is a direct method and is not affected by the grain 
boundaries of a large polycrystalline specimen. 
(b) It is a direct method since it does not use a reference 
standard at the temperature of the specimen. 
(c) It is immune to the errors of other methods due to 
temperature gradients both in the large specimen and 
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Calibration platinum surface sensor model 





Calibration platinum surface sensor model 118G serial Hl7 used 
as unknown at~ in wheatstone bridge 
0 Temp K Resist n 0 Temp K Resist n 0 Temp K Resist n 
20.0 0.476 120.0 37.643 225.0 81.584 
25.0 0.978 125.0 39.790 230.0 83.627 
30.0 1.777 130.0 41.932 235.0 85.667 
35.0 2.879 135.0 44.066 240.0 87.704 
40.0 4.258 140.0 46.195 245.0 89.737 
45.0 5.867 145.0 48.317 250.0 91.768 
50.0 7.658 150.0 50.433 255.0 93.795 
55.0 9.586 155.0 52.544 260.0 95.819 
60.0 11.613 160.0 54.648 265.0 97.840 
65.0 13.711 165.0 56.748 270.0 99.857 
70.0 15.853 170.0 58.843 275.0 101.872 
75.0 18.020 175.0 60.932 280.0 103.884 
80.0 20.205 180.0 63.017 285.0 105.893 
85.0 22.400 185.0 65.097 290.0 107.899 
90.0 24.599 190.0 67.172 295.0 109.902 
95.0 26.793 195.0 69.243 300.0 111.902 
100.0 28.978 200.0 71.310 
105.0 31.156 205.0 73.372 
110.0 33.325 210.0 75.431 
115.0 35.388 215.0 77.485 
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Appendix A 
Calibration chart platinum surface sensor model 118G serial B507 
mounted on cold head of cryomite 
0 Temp K Resist n 0 Temp K Resist n 
13.15 0.163 83.15 21.580 
14.15 0.188 88.15 23.776 
15.15 0.218 93.15 25.971 
16.15 0.254 98.15 28.157 
17.15 0.298 103.15 30.335 
18.15 0.350 123.15 38.969 
19.15 0.411 133.15 43.244 
20.15 0.481 143.15 47.493 
21.15 0.562 153.15 51.718 
22.15 0.653 163.15 55.920 
23.15 0.755 173.15 60.100 
28.15 1.444 183.15 64.261 
33.15 2.437 193.15 68.404 
38.15 3.720 203.15 72.529 
43.15 5.251 213.15 76.638 
48.15 6.980 223.15 80.731 
53.15 8.863 233.15 84.810 
58.15 10.856 243.15 88.875 
63.15 12.929 253.15 92.927 
68.15 15.056 263.15 96.967 
73.15 17.214 273.15 100.994 
78.15 19.390 
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Distance between centers of film fiducial spots 
Set 1 
168.071 168.069 168.070 168.070 168.071 Average (mm) 
30.438 30~441 30.440 30.442 30.441 137.6298 
137.633 13 7. 628 137.620 137.628 137.630 
Set 2 
169.996 169.996 169.997 169.998 169.997 
32.371 32.370 32.370 32.370 32.369 137.6268 
137.625 137.626 137.627 137.628 137.628 
Set 3 
168.996 168.997 168.996 168.996 168.997 
31.368 31.369 31.368 31.369 31.369 137.6278 
137.628 32.~28 137.628 137.627 137.628 
Set 4 
168.089 168.091 168.090 168.090 168.089 
30.462 30.464 30.463 30.464 30.464 137.6264 
137.627 137.627 137.627 137.626 137.625 
Set 5 
169.089 169.091 169.091 169.089 169.090 
31.463 31.466 31.464 31.463 31.463 137.6262 
137.626 137.625 137.627 137.626 137.627 
Average of sets 137.6274 nun 
. Probable Error (50% confidence limit) 
S = + 0.6745 ~X [ r'2 
- n-1 
r~x2· = - 6 79.76 X 10 
n = 25 






Film and Temperature Readings (rom) Exposure OK 1 2 
30 A 120 26.28 26.26 
30 B 100 25.98 26.02 
30 c 80 25.94 25.96 
30 D 60 25.88 25.84 
30 E 40 25.80 25.84 
30 F 30 25.86 25.80 
Probable Error (50% confidence limit) 
[\ AV2J 1/2 s = + 0.6745 ~ 
n = 18 












Film and Temperature Readings (mm) Exposure OK 1 2 
31 A 295.6 28.60 28. 50 
31 B 180 26.96 26 .. 96 
31 c 160 26.74 26.65 
31 D 140 26.40 26.56 
31 E 90 26.04 26.04 
31 F 40 25.60 25.80 
Probable Error (50% confidence limit) 
(\Av2]·1/2 s = + 0.6745 . ~ 
n = 18 











Mann comparator readings 
Film and Temp Readings (rom) Exposure OK 1 2 3 
30 A 120 26.250 26.244 26.244 
B 100 26.033 26.031 26.031 
c 80 25 .; 892 25.889 25.886 
D 60 25.840 25.854 25.840 
E 40 25.744 25.752 25.754 
F 30 25.719 25.723 25.728 
Probable Error (SO% confidence limit) 
('\ Av2) 1/2 s = + 0.6745 ~J 
n = 30 
-3 S = + 3.0 x 10 mm 
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Average 
4 5 (nun) 
26.242 26.242 26.2444 
26.022 26.028 26.0290 
25.889 25.889 25.8890 
25.834 25.841 25.8418 
25.738 25.752 25.7480 
25.729 25.730 25.7258 
Appendix C 
Mann comparator readings 
Film and Temp Readings (mm) Exposure OK 1 2 3 
31 A 296 28.650 28.649 28.646 
B 180 26.968 26.978 26.964 
c 160 26.690 26.677 26.685 
D 140 26.425 26.425 26.431 
E 90 25.920 25.924 25.920 
F 40 25.736 25.726 25.730 
Probable Error (50% confidence limit) 
. ['\ AV2] 1/2 
s = + 0.6745 ~
- n-1 
n = 30 
-3 S = + 3.0 x ·10 mm 
100 
4 5 Average (mm) 
28.661 28.652 28.6516 
26.963 26.968 26.9682 
26.673 26.683 26.6816 
26.424 26.427 26.4264 
25.910 25.916 25.918 
25.739 25.727 25.7316 
APPENDIX D 
Computer program for calculation 
of lattice parameter 
101 
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1 DOUBLE PRECISION EXLG(6),CORL(6),ANG(6),COMANG(6) 
2 DOUBLE PRECISION CONST,FMES,FMLH,CORR,STHETA(6) 
3 DOUBLE PRECISION S1WOT(6) ,ANS (6) ,DSIN ,CCONT ,EXST(2 ,5) 
4 DOUBLE PRECISION SUM,DEN,EXLNL(6,6),EXLNR(6,6),DFST(5) 
5 DOUBLE PRECISION DFLG(6,6),TNAME 
6 DIMENSION AA(6) 
7 100 FORMAT(110) 
8 300 FORMAT(lOX'THE CORR. FACTOR IS NEGATIVE = ',Fl0,6/) 
9 301 FORMAT(lOX'THE CORR. FACTOR IS POSITIVE = ',Fl0,6/) 
10 400 FORMAT(lOX,' LENGTH COR.LENGTH PHI THETA 
1' 2SIN(TH) ANGSTROM'/) 
11 401 FORMAT(lOX, 2F10.5,4F10.6) 
12 600 FORMAT(5D14.6) 
13 601 FORMAT(2X,A8,2D18.8,Il0) 
14 602 FORMAT(lOX,'FILM 'I4,2X,A8,3X,'LAMDA = ',F10.6, 
1' S.SQ = 'F10.6/) 
15 603 FORMAT(17X'FILM LENGTH ='Fl0.4/) 
16 604 FORMAT(lOX'LENGTH = 'F10.4/) 
17 606 FORMAT(20X,5F10.4) 
18 608 FORMAT(lHl) 
19 700 FORMAT(6A2) 












32 DO 21 IK=l,S 
33 DFST(IK)=EXST(l,IK)-EXST(2,IK) 
34 21 SUM=SUM+DFST(IK)/5. 
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35 FMLH=SUM 
36 DO 22 IK=l,6 
37 SUM=O. 
38 DO 23 IL=l,S 
39 DFLG(IK,IL)=EXLNL (IK,II.)-EXLNR(IK,IL) 
40 23 SUM=SUM+DFLG(IK,IL)/5. 
41 22 EXLG(IK)=SUM 
42 CORR=(FMES-FMLH)/FMES 
43 WRITE(3,606) ((EXST(IA,IB), IB=l,5), IA=l,2) 
44 WRITE(3,606)(DFST(IA),IA=l,5) 
45 WRITE(3,603)FMLH 
46 DO 24 IC=l,6 
47 WRITE(3, 70l)M(IC), (EXLNL(IC,ID) ,ID'-'·'1,5) 
48 WRITE(3,606)(EXLNR(IC,ID),ID=l,5) 
49 WRITE(3,606)(DFLG(IC,ID),ID=1,5) 
50 24 WRITE(3,604)EXLG(IC) 
51 DEN=CONST*CCONT 
52 IF(CORR)3,3,4 
53 3 WRITE(3,300)CORR 
54 GO TO 5 
55 4 WRITE(3,30l)CORR 






62 2 ANS(K)=DEN/STWOT(K) 
63 WRITE (3,400) 
64 DO 6 NN=l,6 
65 6 WRITE(3,401)EXLG(NN),CORL(NN),ANG(NN),COMANG(NN), 
lSTWOT(NN),ANS(NN) 







FILM 30 TU LAMDA = 1.476350 s.sg • lt.21t2641 
166.1t190 l66.1t210 166.1tl90 166elt180 166.4220 
28.9600 28.9630 28.9650 28.9580 28.9580 
137.1t5CJO 137.1t580 137.4540 137.1t600 137.4640 
FILM LENGTH • 137.4590 
EXP. A 110.5200 110.5170 110.5230 110.5150 110.5190 
81t.2700 81t.2730 81te2790 81t.2730 84.2770 
26.2500 26.21tlt0 26.2440 26.21t20 26.2420 
LENGTH 2 26.2444 
EXP. 8 110.4300 110.1t2CJO 110.4320 110.1t260 110.4280 
84.3970 81t.3980 81t.4010 81t.4040 81t.lt000 
26.0330 26.0310 26.0310 26.0220 26.0280 
LENGTH = 26.0290 
EXP. C 110.2740 110.2700 110.2680 110.2770 110.2760 
84.3820 84.3810 84.3820 81t.3880 81t.3870 
25.8920 25.8890 25.8860 25.8890 25.8890 
LENGTH • 25.8890 
EXP. 0 110.3200 110.3270 110.3180 110.3170 110.3220 
84.4800 81t.4730 84.4780 84.4830 81t.4810 
25.81t00 25.851t0 25.8400 25.831t0 25.81t10 
LENGTH = 25.8418 
EXP. E 110.2660 110.2730 110.2710 110.2630 110.2710 
84.5220 84.5210 84.5170 84.5250 81t.5190 
25.71tlt0 25.7520 25.7540 25.7380 25.7520 
LENGTH • 25.71t80 
EXP. F 110.2260 110.2320 110.2290 110.2340 110.2310 
84.5070 81t.5090 84.5010 84.5050 84.5010 
25.7190 25.7230 25.7280 25.7290 25.7300 
LENGTH • 25.7258 
THE CORR. F•CTOR IS POSITIVE = 0.001224 
lENGTH CCR.LENGTH PHI THETA 2S IN I TtU ANGSTRO,. 
26.24440 26.27651 5.154165 81t.845835 1.991913 3.144526 
26.02900 26.06085 5.111862 84.888138 1.992045 3.144318 
25.88900 25.92068 5.081t367 84.915633 1.992131 3.144183 
25.84180 25.87llt2 5.075097 81t.921t903 1.992159 3.144138 
25.74800 25.77950 5.056676 81t.91t3324 1.992216 3.14401t8 
25.72580 25.75728 5.052316 84.947684 1.992229 3.11t4027 
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FILM 31 TU LAMOA = 1.476350 s.sg .. 4.2~2641 
169.8870 169.8900 169.8910 169.8860 169.8870 32.4900 32.4930 32.4870 32.4890 32.4910 137.3970 137.3970 137.4040 137.3970 137.3960 FILM LENGTH = 137.3982 
EXP. A 115.8500 115.8530 . 115.8490 115.8580 115.8530 87.2000 87.2040 87.2030 87.1970 87.2010 28.6500 28.6490 28.6460 28.6610 28.6520 LENGTH :1 28.6516 
EXP. 8 115.0430 115.0490 115.0370 115.0420 115.0~80 
88.0750 88.0710 88.0730 88.0790 88.0800 26.9680 26.9780 26.9640 26.9630 26.9680 LENGTH = 26.9682 
EXP. C 114.9400 114.9350 114.9380 114.9340 114.9420 
88.2500 88.2580 88.2530 88.2610 88.2590 
26.6900 26.6770 26.6850 26.6730 26.6830 LENGTH = 26.6816 
EXP. 0 114.8020 114.7960 114.8070 114.8030 114.7980 
88.377() 88.3710 88.3760 88.3790 88.3710 
26.4250 26.4250 26.4310 26.4240 26.4270 
LENGTH = 26.4264 
EXP. E 114.5800 114.5870 114.5850 111t.5l90 114.5830 
88.6600 88.6630 88.6650 88.6690 88.6670 
25.9200 25.9240 25.9200 25.9100 25.9160 
LENGTH = 25.9180 
EXP. F 114.3810 114.3730 114.3740 114.3790 114.3730 
88.6450 88.6470 88.6440 88.6400 88.6460 
25.7360 25.7260 25.7300 25.7390 25.7270 
lENGTH a 25.7316 
THE CORR. FACTOR IS POSITIVE = 0.001665 
lENGTH CC~.LENGTH PHI THETA 2SINCTHI ANGSTROfl. 
28.65160 28.69931 5.629400 84.370600 1.990354 3.11t6989 
26.96820 27.01311 5.298649 84.701351 1.991454 3.145252 
26.68160 26.72603 5.242339 84.757661 1.991634 3.141t966 
26.42640 26.47041 5.192198 84.807802 1.991793 3.144715 
25.91800 25.96116 5.092308 84.907692 1.992106 3.144222 
25.73160 25.771t45 5.055685 84.944315 1.992219 3.144043 
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FILM 69 co LAMOA = 1.540510 s.sg • 5.196152 
179.7960 179.7960 179.7980 179.8010 179.8000 
42.1660 42.1600 42.1640 42.1630 42.1620 
137.6300 137.6360 137.6340 137.6380 137.6380 FILM LENGTH = 137.6352 
EXP. A 128.7420 128.7470 128.7460 128.7460 128.7520 
93.3580 93.3620 93.3600 93.3570 93.3610 
35.3840 35.3850 35.3860 35.3890 35.3910 
lENGTH = 35.3870 
EXP. 8 128.7870 128.7710 128.7920 128.7910 128.7860 
93.3920 93.3930 93.3880 93.3960 93.3980 
35.3950 35.3840 35.4040 35.3950 35.3880 
LENGTH :1: 35.3CJ32 
EXP. C 128.8500 128.8530 128.8470 128.8550 128.8490 
93.464C 93.4680 93.4720 93.4740 93.4690 
35.3860 35.3850 35.3750 35.3810 35.3800 
LENGTH :: . 35.3814 
EXP. 0 128.9650 128.9630 128.9680 128.9720 128.9630 
93.5540 93.5520 93.5480 93.5560 93.5550 
35.4110 35.4110 35.4200 35.4160 35.4080 
LENGTH = 35.4132 
EXP. E 128.9870 128.9930 128.9890 128.9890 128.9920 
93.6010 93.5970 93.5980 93.6000 93.5970 
35.3860 35.3960 35.3910 35.3890 35.3950 
LENGTH = 35.3914 
EXP. f 128.9980 128.9990 129.0010 129.0020 129.004Cl 
93.5650 93.5600 93.5680 93.5660 93.5640 
35.4330 35.4390 35.4330 35.4360 35.4400 
lENGTH :1: 35.4362 
THE CORR. FACTOR IS NEGATIVE • -O.OCC057 
LENGTH CCR.LENGTt-1 PHI THETA 2SINCTHI ANGSTROM 
35.38700 35.38499 6.940802 83.059198 1.985343 4.031910 
35.39320 35.39119 6.942019 83.057981 1.985338 4.031920 
35.38140 35.37939 6.939704 83.060296 1.985348 4.031900 
35.41320 35.41119 6.945941 83.054059 1.985321 4.031951t 
35.39140 35.38939 6.941665 83.058335 1.985339 4.031917 
35.43620 35.43419 6.950453 83.049547 1.985302 4.031993 
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FILM 70 co LAMOA :: 1.540510 s.sg = 5.196152 
176.7570 176.7610 176.7600 176.7630 176.7620 
39.1300 39.1280 39.1330 39.1300 39.1320 
137.6270 137.6330 137.6270 137.6330 137.6300 
FILM LENGTH a 137.6300 
EXP. A 125.8850 125.8900 125.8860 125.8910 125.8900 
90.3200 90.3180 90.3140 90.3100 90.3160 
35.5650 35.5720 35.5720 35.5810 35.5740 
LENGTH a 35.5728 
EXP. 8 125.8900 125.8830 125.8910 125.8920 125.8870 
90.3210 90.3150 90.3180 90.3190 90.3140 
35.5690 35.5680 35.5730 35.5730 35.5730 
lENGTH = 35.5712 
EXP. C 125.9230 125.9280 125.9230 125.9210 125.9260 
90.3330 90.3260 90.3340 90.3280 90.3300 
35.5900 35.6020 35.5890 35.5930 35.5960 
lENGTH :: 35.5940 
EXP. 0 125.9330 125.9350 125.9370 125.9310 125.9380 
90.340() 90.3470 90.3420 90.3460 90.3430 
35.5930 35.5880 35.5950 35.5850 35.5950 
LENGTH :: 35.5912 
EXP. E 125.9430 125.9380 125.9480 125.941t0 125.9420 
90.3480 90.3530 90.3490 90.3420 90.3440 
35.5950 35.5850 35.5990 35.6020 35.5980 
lENGTH a 35.5958 
EXPe F 125.9440 125.9410 125.9450 125.9430 125.9410 
90.3440 90.31t50 90.3420 90.3480 90.3410 
35.600() 35.5960 35.6030 35.5950 35.6000 
LENGTH :: 35.5988 
THE CORR. FACTOR IS NEGATIVE = -0.000019 
LENGTH CCR.LENGTt-1 PtH THETA 2S INC TIH ANGSTROM 
35.57280 35.57213 6.977509 83.022491 1.985188 4.032225 
35.57120 35.57053 6.977195 83.0228C5 1.985189 4.032222 
35.59400 35.59333 6.981667 83.018333 1.985170 4.032261 
35.59120 35.59053 6.981118 83.018882 1.985173 4.032256 
35.59580 35.59513 6.982020 83.017980 1.985169 4.032264 
35.59880 35.59813 6.982609 83.()1 7391 1.985166 lt.032269 
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FILM 71 co LAMOA = 1.540510 s.sQ a 5.196152 
168.5320 168.5310 168.5350 168.5340 168.5330 
30.9430 30.9470 30.9440 30.9470 30.9450 
137.5890 137.5840 137.5910 137.5870 137.5880 
FILM LENGTH = 137.5878 
EXP. A 117.7770 117.7840 117.7810 117.7850 117.7860 
81.8200 81.8150 81.8160 81.8210 81.8220 
35.9570 35.9690 35.9650 35.9640 35.9640 
LENGTH = 35.9638 
EXP. B 117.7900 117.7820 117.7890 117.7840 117.7860 
81.8300 81.8330 81.8340 81.8300 81.8340 
35.9600 35.9490 35.9550 35.9540 35.9520 
lENGTH = 35.9540 
EXP. C 117.8550 117.8510 117.8540 117.8520 117.8560 
81.8600 81.8640 81.8680 81.8620 81.8640 
35.9950 35.9870 35.9860 35.9900 35.9920 
LENGTH a 35.9900 
EXP. D 117.8550 117.8560 117.8500 117.8570 117.8560 
81.8740 81.8730 81.8800 81.8780 81.8820 
35.9810 35.9830 35.9700 35.9790 35.9740 
LENGTH = 35.9774 
EXP. E 117.8040 117.8080 117.8020 117.808() 117.8050 
81.8040 81.8780 81.8760 81.8790 81.8740 
36.0000 35.9300 35.9260 35.9290 35.9310 
LENGTH = 35.9432 
EXP. f 117.7920 117.8020 117.7980 117.7940 117.8030 
81.8420 81.8360 81.8400 81.8390 81.8430 
35.9500 35.9660 35.9580 35.9550 35.9600 
LENGTH a 35.9578 
TH& CORA. FACTOR IS POSITIVE a o.ooo2e8 
LENGTH CCR.LENGTH PtH THETA 2SIN(TtH ANGSTROM 
35.96380 35.97415 7.056366 82.943634 1.984852 4.032908 
35.95400 35.96434 7.054443 82.945557 1.984860 4.032891 
35.99000 36.00035 7.061506 82.938494 1.984830 4.032953 
35.97740 35.98775 7.059034 82.940966 1.984840 4.032931 
35.94320 35.95354 7.052324 82.947676 1.984869 4.032873 
35.95780 35.96815 7.055188 82.944812 1.984857 4.032898 
110 
FILM 72 co LAMDA = 1.540510 s.sQ 2 5.196152 
174.4790 174.4830 174.4770 174.4790 174.1t770 
36.8440 36.8420 36.8470 36.8450 36.8420 
137.6350 137.6410 137.6300 137.6340 137.6350 
FILM LENGTH = 137.6350 
EXP. A 123.8970 123.8900 123.8960 123.8980 123.8990 
81. 470() 87.4680 87.4670 87.1t69C 87.4650 
36.4270 36.4220 36.4290 36.1t290 36.4340 
LENGTH = 36.4282 
EXP. 8 124.003C 124.0080 124.0040 121t.0020 124.0090 
87.5820 87.5860 87.5880 87.5840 87.5890 
36.4210 36.4220 36.4160 36.1t180 36.4200 
LENGTH = 36.4194 
EXPe C 124.0380 124.0430 124.0360 124.0410 124.0410 
87.6100 87.6070 87.5980 87.5980 87.5920 
36.4280 36.4360 36.4380 36.4430 36.4490 
LENGTH = 36.4388 
EXP. 0 124.0650 124.0640 124.0610 124.0580 124.0610 
87.5520 87.5480 87.5560 87.5530 87.5580 
36.5130 36.5160 36.5050 36.5050 36.5030 
LENGTH = 36.5084 
EXP. E 124.1250 124.1230 124.1240 124.1270 124.1250 
87.6150 87.6180 87.6140 87.6200 87.6170 
36.5100 36.5050 36.5100 36.5070 36.5080 
LENGTH = 36.5080 
EXP. f 124.1260 124.1220 124.1240 124.1290 124.1270 
87.6310 87.6290 87.6330 87.6270 87.6280 
36.4950 36.4930 36.4910 36.5020 36.4990 
LENGTH = 36.4960 
THE CORR. FACTOR IS NEGATIVE • -0.000055 
LENGTH CCR.LENGTH PHI THETA 2SINCTtO ANGSTROM 
36.42820 36.42619 7.145034 82.854966 1.984469 4.033686 
36.41940 36.41739 7.143308 82.856692 1.984476 4.033670 
36.43880 36.43679 7.147113 82.852887 1.984460 4.033704 
36.50840 36.50638 7.160764 82.839236 1.984401 4.033825 
36.50800 36.50598 7.160686 82.839314 1.9841t01 4.033824 
36.49600 36.49398 7.158332 82.841668 1.984411 4.C33803 
111 
FILM 73 co LAMOA a 1.540510 s.sQ z 5.196152 
175.6180 175.6140 175.6170 175.6180 175.6170 
37.9800 37.9740 37.9770 37.9780 37.9790 
137.6380 137.6400 137.6400 137.6400 137.6380 
FILM LENGTH :a 137.6392 
EXP. A 125.7390 125.7410 125.7390 125.7470 125.7420 
87.9650 87.9620 87.9660 87.9580 87.9600 
37.7740 37.7790 37.7730 37.7890 37.7820 
LENGTH • 37.7794 
EXP. B 125.7940 125.7920 125.7880 125.7920 125.7940 
88.0060 88.0090 88.0140 88.0090 88.0110 
37.7880 37.7830 37.1740 37.783() 37.7830 
LENGTH a 37.7822 
EXP. C 125.8320 125.8300 125.8320 125.8280 125.8280 
87.9600 87.9680 87.9640 87.9670 87.9620 
37.8720 37.8620 37.8680 37.8610 37.8660 
LENGTH • 37.8658 
EXP. 0 125.8270 125.8290 125.8310 125.837() 125.8290 
87.9560 87.9520 87.9550 87.9510 87.9540 
37.8710 37.8770 37.8760 37.8860 37.8750 
LENGTH • 37.8770 
EXP. E 125.8450 125.8390 125.8460 125.8440 125.8420 
87.9530 87.9570 87.9590 87.9530 87.9560 
37.8920 37.8820 3l.E!870 37.8910 37.8860 
LENGTH a 37.8876 
EXP. F 125.7800 125.7820 125.7770 125.7860 125.7840 
87.9120 87.9020 87.9080 87.9130 87.9060 
37.8680 37.8800 37.8690 37.8730 37.8780 
LENGTH • 37.8736 
THE! tORR. F'CTOR IS NEGATIVE • -0.000086 
LENGTH CCR.LENGTH PHI THETA 2S INC TtU ANGSTROM 
37.77940 37.77616 7.409832 82.590168 1.983298 lt.036067 
37.78220 37.77896 7.410381 82.589619 1.983296 4.C360l2 
37.86580 37.86255 7.426778 82.573222 1.983222 4.C36223 
37.87700 37.87375 7.428975 82.571025 1.983212 4.036243 
37.88760 37.88435 7.431054 82.568946 1.983202 4.036262 
37.87360 37.87035 7.428308 82.571692 1.983215 4.036237 
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FILM 74 co LAMOA a 1.540510 s.sQ a 5.196152 
172.4980 172.4990 172.5010 172.5030 172.5020 
34.8540 34.8590 34.8580 34.8580 34.8560 
137.6440 137.6400 137.6430 137.6450 137.6460 
fiLfil LENGTH = 137.6436 
EXP. A 123.5120 123.5120 123.5190 123.5160 123.5190 
84.1750 84.1790 84.1680 84.1690 84.1770 
39.3370 39.3330 39.3510 39.3470 39.3420 
LENGTH a 39.3420 
EXP. B 123.5910 123.5840 123.5910 123.5890 123.5940 
84.2040 84.2000 84.1980 84.2030 84.2040 
39.3870 39.3840 39.3930 39.3860 39.3900 
lENGTH a 39.3880 
EXP. C 123.6000 123.6120 123.6040 123.6080 123.6070 
84.2070 84.2160 84.2090 84.2110 84.2070 
39.3930 39.3960 39.3950 39.3970 39.4000 
lENGTH a 39.3962 
EXP. 0 123.6240 123.6280 123.6310 123.6220 123.6250 
84.2730 84.2660 84.2620 84.2680 84.2140 
39.3510 39.3620 39.3690 39.3540 39.3510 
LENGTH = 39.3574 
EXPe E 123.6000 123.6120 123.6040 123.6080 123.6070 
84.2070 84.2160 84.2090 84.2110 84.2010 
39.3930 39.3960 39.3950 39.3910 39.4000 
LENGTH = 39.3962 
EXP. F 123.6240 123.6280 123.6310 123.6220 123.6250 
84.2730 84.2660 84.2620 84.2680 84.2740 
39.3510 39.3620 39.3690 39.3540 39.3510 
LENGTH = 39.3574 
THE CORR. FACTOR IS NEGATIVE = -0.000118 
lENGTH CCR.LENGTH PHI THETA 2SINCTHI ANGSTROfll 
39.34200 39.33737 7.716065 82.283935 1.981891 4.038932 
39.38800 39.38336 7.725087 82.274913 1.981849 4.039018 
39.39620 39.39156 7.726695 82.273305 1.981841 4.039034 
39.35740 39.35211 7.719085 82.280915 1.981877 4.038961 
39.39620 39.39156 1.726695 82.273305 1.981841 4.039034 
39.35740 39.35217 7.719085 82.280915 1.981877 4.038961 
••EI'ROR••• UN-O 
PROGRA~ME •AS EXECUTING LINE 25 IN ROUTINE M/PROG WHEN TERMINATION c 
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FtlM 97 c LAMDA = 1.788920 S.SQ • 4.472136 
171.7450 171.7440 171.7450 171.7430 171.741(] 
34.2300 34.2440 34.2480 31t.2400 34.2420 
137.5150 137.5COO 137.4970 137.5030 137.499(] FILM LENGTH = 137.5028 
EXP. A 130.5400 130.5410 130.5360 130.5480 130.5360 
76.0370 76.0260 76.0280 76.0240 76.0350 
54.5030 54.5150 54.5080 54.5240 51t.5010 LENGTH = 54.5102 
EXP. B 130.6300 130.6420 130.6380 130.6280 130.6410 
76.1240 76.1330 76.1340 76.1280 76.11t20 
54.5060 54.5090 51t.5040 54.5000 54.4990 lENGTH = 54.5036 
EXP. C 130.6380 130.6220 130.6290 130.6390 130.6430 
76.1420 76.1440 76.1"90 76.1280 76.1380 
54.4960 54.4180 54.4800 54.5110 54.5050 
LENGTH = 54.4940 
EXP. 0 130.5410 130.5480 130.5520 130.5290 130.5270 
76.338(] 76.3210 76.3280 76.3440 76.3510 
54.2030 54.2270 54.2240 54.1850 54.1760 
LENGTH : 54.2030 
EXP. E 130.5690 130.5570 130.5740 130.5710 130.5630 
76.3500 76.3410 76.3470 76.3540 76.3570 
54.219(] 54.2160 54.2270 54.2170 54.2060 
LENGTH • 54.2170 
EXP. F 130.6310 130.6380 130.6330 130.6420 130.6370 
76.4390 76.4520 76.4290 76.4410 76.1t350 
54.1920 54.1860 54.2040 54.2010 54.2020 
LENGTH • 54.1970 
THE tORR. FACTOR IS POSITIVE a 0.000905 
LENGTH CCR.LENGTt1 PHI Tl-iETA 2S IN ( TtH ANGSTROM 
54.51020 54.55955 10.701911 79.298089 1.965213 4.()70955 
54.50360 54.55294 10.700615 79.299385 1.965222 4.070937 
54.49400 54.54333 10.698731 79.301269 1.965234 4.070912 
54.20300 54.25207 10.641599 79.358401 1.965603 4.070147 
54.21700 54.26608 10.644347 79.355653 1.965585 4.Q70184 
54.19700 54.24607 10.640421 79.359579 1.965611 4.Q70131 
114 
FILM 98 co LAMOA = 1.788920 S.SQ c 4.472136 
176.5580 176.5530 176.5600 176.5480 176.5550 
38.9700 38.9780 38.9820 38.9760 38.9730 
137.5880 137.5750 137.5780 137.5720 137.5820 
FILM LENGTH = 137.5790 
EXP. A 135.5340 135.5420 135.5480 135.5280 135.5320 
80.0800 80.0580 80.0620 80.0930 80.0740 
5'5.4540 55.4840 55.4860 55.4350 55.4580 
LENGTH = 55.4634 
EXP. 8 135.6360 135.6480 135.6320 135.6530 135.6440 
80.1500 80.1430 80.1310 80.1270 80.1490 
55.4860 55.5050 55.5010 55.5260 55.4950 
lENGTH = 55.5026 
EXP. C 135.7260 135.7410 13.5.1380 135.7210 135.7240 
80.2120 80.2000 80.2180 80.2280 80.1980 
55.5140 55.5410 55.5200 55.4930 55.5260 
LENGTH = 55.5188 
EXP. 0 135.5320 135.5430 135.5290 135.5470 135.5310 
80.5550 80.5610 80.5290 80.5350 80.5620 
54.9710 54.9820 55.0000 55.0120 54.9690 
LENGTH :: 54.9880 
EXP. E 135.5570 135.55CO 135.5690 135.5420 135.5330 
80.5410 8C.5580 80.5510 80.5330 80.5340 
55.0160 54.9920 55.0180 55.0090 54.9990 
LENGTH = 55.0068 
EXP. F 135.5520 135.5380 135.5620 135.5470 135.5620 
80.5600 8C.5590 . 80.5680 80.5490 80.5560 
54.9920 54.9790 54.~940 54.9980 55.0060 
LENGTH = 54.9938 
THE CORR. F~CTOR IS POSITIVE • 0.000352 
LENGTH CCR.LENGTH PHI THETA 2SINCTH) ANGSTROr-
!5.46340 55.48290 10.883028 79.116972 1.964029 4.013408 
55.50260 55.52212 10.890720 79.109280 1.963919 4.073514 
55.51880 55.53832 10.893899 19.106101 1.963958 4.013551 
54.98800 55.00734 10.789745 79.210255 1.964642 4.072139 
!5.00680 ~5.02614 10.793434 19.206566 1.964617 4.072189 
51t.99380 55.01314 10.790883 19.209111 1.964634 4.072154 
115 
FILM 99 co LAMDA = 1.788920 s.sQ = 4.472136 
176.1060 176.1010 176.1060 176.1040 176.1020 
38.6050 38.6050 38.6020 38.6040 38.6080 
137.5010 137.4960 137.5040 137.5000 137.4940 
Fll~ LENGTH • 137.4990 
EXP. A 136.2900 136.2920 136.2970 136.2880 136.2840 
78.9060 78.9180 78.9150 78.9010 78.9020 
57.3840 57.3740 57.3820 57.3870 57.3820 
LENGTH a 57.3818 
EXP. B 136.3290 136.3170 136.3210 136.3240 136.3190 
78.8890 78.8710 78.8920 78.886Q 78.8930 
57.4400 57.4460 57.4290 57.4380 57.4260 
LENGTH = 57.4358 
EXP. C 136.3830 136.3890 136.3820 136.3710 136.3920 
78.9360 78.9320 78.9410 78.9280 78.9410 
57.4470 57.4570 57.4410 57.4430 57.4510 
LENGTH :a 57.4478 
EXP. 0 135.9460 135.9500 135.9320 135.9400 135.9340 
79.4200 79.4450 79.4280 79.4320 79.4410 
56.5260 56.5050 56.5040 56.5080 56.4930 
LENGTH = 56.5072 
EXP. E 135.9840 135.9720 135.9820 135.9860 135.9910 
79.5370 79.5220 79.5210 79.5260 79.5310 
56.4470 56.4500 56.4610 56.4600 56.4600 
LENGTH a 56.4556 
EXP. F 135.8830 135.8870 135.8930 135.8890 135.8870 
79.5200 79.5180 79.5110 79.5180 79.5210 
56.3630 56.3690 56.3820 56.3710 56.3660 
LENGTH = 56.3702 
TtiE CORR. FACTOR IS POSITIVE = o.cco~33 
LENGTH CCR.LENGTH PHI THETA 2SINCTHJ ANGSTROM 
57.38180 57.43533 11.265999 78.734001 1.961462 4.078741 
57.43580 57.48938 11.276601 78.723399 1.961389 4.078891 
57.44780 57.50139 11.278957 78.72101t3 1.961373 4.078925 
56.50720 56.55992 11.094285 78.905715 1.962624 4.076326 
56.45560 56.50827 1l.081t154 78.915846 1.962692 4.076184 
56.37020 56.42279 11.067388 78.932612 1.962804 4.075951 
116 
Fll~ 102 co LAMOA = 1.788920 s.sg 2 4.472136 
176.580() 176.5770 176.5800 176.5810 176.5800 
38.9370 38.9380 38.9360 38.9370 38.9340 
137.6430 137.6390 137.6440 137.6440 137.6460 
FILM LENGTH 2 137.6432 
EXP. A 135.3100 135.3090 135.3130 135.3090 135.3120 
80.9890 80.9790 80.9800 80.9850 80.9720 
54.321() 54.3300 54.3330 54.3240 54.3400 
LENGTH = 54.3296 
EXP. B 135.3050 135.3070 135.3110 135.3050 135.3110 
80.9940 80.9880 80.9860 80.9950 80.9840 
54.3110 54.3190 54.3250 51t.3100 54.3270 
LENGTH = 54.3184 
EXP. C 135.3180 135.3170 135.3210 135.3240 135.3200 
80.9680 80.9760 80.9650 80.9680 80.9630 
54.3500 54.3410 54.3560 54.3560 54.3570 
LENGTH a 54.3520 
EXP. 0 135.2330 135.2380 135.2430 135.2480 135.2440 
81.0250 81.0270 81.0290 81.0260 81.0230 
54.2080 54.2110 54.2140 54.2220 54.2210 
LENGTH :: 54.2152 
EXP. E 135.2330 135.2350 135.2430 135.2410 135.2360 
81.0850 81.0910 81.0870 81.0930 81.0880 
54.1480 54.1440 54.1560 54.1480 54.1480 
LENGTH a 54.1488 
EXP. F 135.2810 135.2720 135.2700 135.2170 135.2770 
81.1200 81.1230 81.1250 81.1170 81.1270 
54.1610 54.1490 54.1450 54.1600 54.150C 
LENGTH = 54.1530 
THE CORR. FACTOR IS NEGATIVE • -0.000115 
LENGTH CCR.LENGTH PHI THETA 2SIN ITHl ANGSTRO.-
54.32960 54.32336 10.655583 79.344417 1.965513 4.070334 
54.31840 54.31216 10.653386 79.346614 1e965527 4.070304 
54.35200 54.34576 10.659976 79.340024 1.965485 4.070393 
54.21520 54.20897 10.633145 79.366855 1.965658 4.070031t 
51t.14880 54.14258 10.620123 79.379877 1.965741 4.069861 
54.15300 54.14678 10.620946 79.379054 1.965736 4.069872 
117 
Fllfit 103 co LAMOA • 1.7e8920 s.sg • 4.472136 
170.5140 170.5170 170.5120 170.5160 170.5120 
32.Cj900 32.9890 32.99CQ 32.9880 32.9190 
137.5240 137.5280 137.5220 137.5280 137.5230 
FILfl' LENGTH • 137.5250 
EXP. A 129.5760 129.5710 129.5780 129.5810 129.5610 
74.4980 74.5000 74.5020 74.4790 74.4820 
55.0780 55.0710 55.0760 55.1020 55.0860 
LENGTH a 55.0826 
EXP. 8 129.6240 129.6180 129.6140 129.6210 129.6170 
74.5200 74.5C70 74.5150 74.509C 74.5180 
55.1040 55.1110 55.099C 55.112C 55.0990 
LENGTH a 55.1050 
EXP. C 129.6690 129.6780 129.6740 129.6640 129.6610 
74.5290 l4.51t10 74.5330 74.5340 74.5420 
55.1400 55.1370 55.1410 55.1300 55.1190 
LENGTH :11: 55.1334 
EXP. D 129.3780 129.3650 129.3760 129.3840 129.3850 
74.6900 74.6780 74.6860 74.6940 74.6890 
54.6880 54.6870 54.6900 54.6900 54.6960 
LENGTH = 54.6902 
EXP. E 129.3750 129.3890 129.3790 129.3130 129.3810 
74.6700 74.6820 74.6780 74.6810 74.6600 
54.7050 54.7070 54.7010 54.1020 54.7210 
LENGTH = 54.7072 
EXP. F 129.360C 129.3650 129.3710 129.3620 129.3730 
74.6580 74.6720 74.6620 74.6570 74.6530 
54.7020 54.6930 54.7090 54.7050 54.7200 
LENGTH a 54.7058 
THE CORR. FACTOR IS POSITIVE • 0.000144 
LENGTH CCR.LENGTt-1 PHI T .. ETA 2SINCTt!l ANGSTR() .. 
~5.08260 55.12358 10.812547 79.187453 1e961t492 4.072448 
!5.10500 ~5.14600 10.816944 79.183056 1.964464 4.072508 
~5.13340 ~5.17442 10.822519 79.177481 1.964427 4.072584 
51t.69020 54.73089 10.735520 79.264480 1e961t995 4.0711t07 
54.70720 54.74790 10.738857 79.261143 1.964973 1te071452 
54.70580 54.74650 10.738582 79.261418 1.964975 4.07141t8 
118 
FILM 104 co LAMDA • 1.788920 s.sc;: • 4.472136 
173.3250 173.3280 173.3310 173.3330 173.3310 
35.8720 35.8800 35.8730 35.8710 35.8690 
137.4530 137.4480 137.4580 137.4620 137.4620 
FILr-4 LENGTH • 137.4566 
EXP. A 133.4160 133.4100 133.4070 133.4110 133.4120 
76.3940 76.3980 76.3910 76.3990 76.3920 
57.0220 57.0120 57.0160 57.0120 57.0200 
LENGTH • 57.0164 
EXP. 8 133.4090 133.4150 133.4010 133.4110 133.4130 
76.4050 76.4080 76.3970 76.3960 76.3990 
57.0040 57.0070 57.0040 57.0150 57.0140 
LENGTH • 57.0088 
EXP. t 133.4320 133.4220 133.4280 133.4370 133.4410 
76.4160 76.4110 76.4220 76.4240 76.4180 
57.0160 57.0110 57.0060 57.0130 57.0230 
LENGTH • 57.0138 
EXP. D 133.0070 133.0100 132.9890 132.9980 133.0040 
76.8640 16.8760 76.8620 76.8680 76.8690 
56.1430 56.1340 56.1270 56.1300 56.1350 
LENGTH • 56.1338 
EXP. E 132.9890 132.9810 132.9980 132.9940 132.9970 
76.8650 16.8710 76.8700 76.8680 76.8630 
56.1240 56.1100 56.1280 56.1260 56.1340 
LENGTH = 56.1244 
EXP. F 132.9480 132.9410 132.9400 132.9520 132.9570 
76.8440 16.8510 76.8500 76.8420 76.8390 
56.1040 56.0900 56.0900 56.1100 56.1180 
LENGTH z 56.1024 
THE CORR. FACTOR IS POSITI~E .. 0.001241 
LE~GTH CCR.LENGTt1 PtH Tt1ETA 2SINCTt1J ANGSTRQfjl 
57.01640 57.08716 11.191704 78.802296 1.961926 4.077776 
57.00880 57.07955 11.196211 78.803789 1.961936 4.077755 
57.01380 57.08455 11.197193 78.802807 1.961929 4.077768 
56.13380 56.20346 11.024366 78.975634 1.963092 4.075354 
56.12440 56.19405 11.022520 78.977480 1.963104 4.C75328 
56.1021t0 56.17202 11.018200 78.981800 1.963133 1te075268 
119 
FILM 106 co LAMCA = 1.788920 s.sQ • 4.472136 
173.7430 173.7420 173.7430 173.7440 173.7420 
36.1840 36.1820 36.1840 36.1850 36.1830 
137.5590 137.5600 137.5590 137.5590 137.5590 
FILM LENGTH s 137.5592 
EXP. A 132.3950 132.3900 132.3970 132.4010 132.3890 
78.1360 78.1420 78.1340 78.1380 78.1310 
54.2590 54.2480 54.2630 54.2630 54.2580 
LENGTH = 54.2582 
EXP. 8 132.4180 132.4120 132.3980 132.4140 132.4210 
78.154C 78.1410 78.1520 78.1500 78.1470 
54.2640 54.2710 54.2460 51t.2640 54.2740 
LENGTH = 54.2638 
EXP. C 132.4180 132.4250 132.4140 132.1t12C 132.4220 
78.1500 78.1600 78.1470 78.1550 78.1490 
54.2680 54.2650 54.2670 54.2570 54.273(1 
LENGTH = 54.2660 
EXP. 0 132.3180 132.3140 132.3120 132.3220 132.3280 
78.3740 78.3590 78.3620 78.3780 78.3620 
53.9440 53.9550 53.9500 53.9440 53.9660 
LENGTH = 53.9518 
EXP. E 132.3400 132.3480 132.3450 132.3370 132.3350 
78.3760 78.3720 78.3790 78.3680 78.3780 
53.9640 53.9760 53.9660 53.9690 53.9570 
LENGTH = 53.9664 
EXP. F 132.3580 132.3610 132.3500 132.3540 132.3650 
78.3660 78.3680 78.3480 78.3520 78.3690 
53.9920 53.9930 54.0020 51t.0020 53.9960 
LENGTH = 53.9970 
THE CORR. FACTOR IS POSITIVE a 0.000496 
lENGTH CCR.lENGTH PHI THETA 2SINCTHI ANGSTACM 
51t.25820 54.28509 10.648075 79.351925 1.965561 4.070234 
54.26380 54.29069 10.649174 79.350826 1.965554 4.070248 
54.26600 54.29289 10.649606 79.350394 1.965551 4.070254 
53.95180 53.97853 10.587944 79.412056 1.965948 4.069433 
53.9661t0 53.99314 10.590810 79.409190 1.965930 4.069471 
53.99700 ,4.02376 10.596815 79.403185 1. 965891 4.069551 
120 
FILM 107 co LAMOA = 1.7E!8920 s.sg = 4.1t72136 
170.7200 170.7220 170.7220 170.7210 170.7190 
33.2070 33.2020 33.2040 33.2050 33.2060 
137.5130 137.5200 137.5180 137.5160 137.5130 
ftl.- LENGTH = 137.5160 
EXP. A 129.7510 129.7580 129.7530 129.7570 129.7470 
74.7380 74.7340 74.7310 14.1380 74.7410 
55.0130 55.0240 55.0220 55.0190 55.0060 
LENGTH = 55.0168 
EXP. 8 129.7850 129.7790 129.7920 129.7950 129.7930 
74.7640 74.7720 74.7630 74.7740 74.7610 
55.0210 55.0070 55.0290 55.0210 55.0320 
LENGTH • 55.0220 
EXP. C 129.8000 129.8090 129.7920 129.7940 129.8030 
74.7890 74.7910 71t.7720 74.7790 74.7830 
55.0110 55.0180 55.0200 55.0150 55.0200 
LENGTH a 55.0168 
EXP. 0 129.7270 129.7380 129.7170 129.7210 129.7290 
75.1030 75.1110 75.1070 75.1020 75.0980 
54.6240 54.6270 54.6100 54.6190 51t.6310 
LENGTH = 51t.6222 
EXP. E 129.7350 129.7320 129.7380 129.7420 129.7290 
75.1050 75.1110 75.1130 75.1090 75.1010 
51t.6300 54.6210 54.6250 54.6330 54.6280 
LENGTH = 54.6274 
EXP. F 129.7520 129.7580 129.7440 129.7490 129.7570 
75.1480 75.1380 75.1350 75.1410 75.1390 
51t.6040 54.6200 54.6090 54.6080 54.6180 
LENGTH s 54.6118 
THE CORR. FACTOR IS POSITIVE • o.oooeo9 
lENGTH CCR.LENGTI-i PHI TtiETA 2SINCTHJ ANGSTROM 
~5.01680 ~5.06133 10.800336 79.199664 1.964572 4.072283 
!5.02200 55.06653 10.801357 79.198643 1.964566 4.072296 
~5.01680 ~5.06133 10.800336 79.199664 1.964572 4.072283 
54.62220 54.66641 10.722872 79.277128 1.965077 4.071236 
54.62740 54.61162 10.723893 79.2761()7 1.965071 4.07125() 
54.61180 54.65600 10.720831 79.279169 1.965090 4.071209 
121 
FILM 108 co LAMOA a 1.788920 s.sg • 4.1tl2136 
176.9350 176.9370 176.9380 176.91t20 176.9360 
39.3950 3Ci.3920 39.3900 39.3940 39.3960 
137.5400 137.51t50 137.5480 137.5480 137.5400 
FILM LENGTH = 137.5442 
EXP. A 136.9490 136.9540 136.9420 136.9480 136.9510 
79.9150 79.9180 79.9240 79.9130 79.9110 
57.0340 57.0360 57.0180 57.0350 57.0400 
LENGTH = 57.0326 
EXP. 8 136.9600 136.9520 136.9470 136.9540 136.9630 
79.9180 79.9310 79.9240 79. 911C 79.9270 
57.0420 57.0210 57.0230 57.0430 57.0360 
LENGTH = 57.0330 
EXP. C 136.9700 136.9680 136.9590 136.9740 136.9710 
79.9380 79.9480 79.9510 79.9340 79.9410 
57.0320 57.0200 57.0080 57.0400 57.0300 
LENGTH a 57.0260 
EXP. 0 136.5830 136.5930 136.5750 136.5780 136.5850 
80.4250 80.4110 80.4290 80.1t220 80.4170 
56.1580 56.1820 56.1460 56.1560 56.1680 
LENGTH = 56.1620 
EXP. E 136.5570 136.5480 136.5520 136.5620 136.5640 
80.4620 80.4580 80.4680 80.472C 80.4670 
56.0950 56.0900 56.0840 56.0900 56.097C 
LENGTH t: 56.0912 
EXP. F 136.5200 136.5220 136.5140 136.5310 136.5330 
80.5200 80.5300 80.5240 80.5190 80.5270 
56.0000 55.9920 55.9900 56.0120 56.0060 
LENGTH a 56.0000 
THE CORR. FACTOR IS POSITIVE a 0.000604 
LENGTH CCR.LENGTtf PHI THETA 2SINCTHI ANGSTRO~ 
57.03260 57.06708 11.193765 78.806235 1.961953 4.077720 
57.03300 57.06748 11.193844 78.806156 1.961952 4.077721 
57.02600 57.06047 11.192470 78.807530 1.961961 4.077702 
56.16200 56.19595 11.022893 78.977107 1.963102 4.075333 
56.09120 56.12511 11.008997 78.991003 1.963194 4.075141 
56.00000 56.03385 10.991097 79.008903 1.963314 4.074893 
122 
FILM 112 co lAMOA = 1.392170 s.sg • 4.471849 
175.8650 175.8650 175.8710 175.8710 175.8670 
38.2970 38.3050 38.2980 38.3070 38.3040 
137.5680 137.5600 137.5730 137.5640 137.5630 
FILM LENGTH = 137.5656 
EXP. A 128.0320 128.0350 128.0430 128.0440 128.0450 
86.6970 86.6920 86.6980 86.7000 86.6970 
lt1.3350 41.3430 41.3450 lt1.31t40 41.3480 
lENGTH • lt1. 3430 
EXP. 8 128.0240 128.0250 128.0370 128.0270 128.0390 
86.6820 86.6900 86.6890 86.6850 86.6870 
lt1.342C 41.3350 lt1.3480 lt1.3420 41.3520 
LENGTH • 41.3438 
EXP. C 128.0050 128.0120 128.0100 128.0050 128.0140 
86.7450 86.7490 86.7470 86.7430 86.7520 
41.2600 41.2630 41.2630 41.2620 41.2620 
lENGTH • 41.2620 
EXP. 0 127.9650 127.9660 127.9640 127.9660 127.9680 
86.7250 86.7180 86.7270 86.7260 86.7310 
41.2400 41.2480 41.2370 41.2400 41.2370 
LENGTH = 41.2401t 
EXP. E 127.9240 127.9240 127.9180 127.9190 127.9200 
86.6970 86.7040 86.7030 86.6980 86.7000 
41.2270 41.2200 41.2150 41.2210 41.2200 
lENGTH • 41.2206 
EXP. F 127.911tC 127.9250 127.9160 127.9050 127.8870 
86.6850 86.6810 86.6800 86.6920 86.6880 
lt1.2290 41.2440 41.2360 1tl.2130 41.1990 
lENGTH • 41.2242 
THE CORR. FACTOR IS POSITIVE • 0.000449 
LENGTH CCR.LENGTH PHI THETA 2SINCTIH ANGSTROfl 
41.34300 41.36156 8.113113 81.886887 1.979983 3.144257 
41.34380 ltl.36236 8.113270 81.886730 1.979982 3.141t258 
41.26200 lt1.28053 8.091217 81.902783 1.980061 3.144132 
41.24040 lt1.25892 8.092979 81.907021 1.980082 3.144099 
41.22060 lt1.239ll 8.089093 81.910907 1.980101 3.144069 
41.221t20 41.24271 8.089800 81.910200 1.980097 3.144075 
123 
fiLfll 113 co LAMOA == 1.392170 S.SQ = 4.471849 
183.5310 183.5300 183.53ZQ 183.5310 183.5300 
45.8880 45.8910 45.8860 45.8900 45.8930 
137.6430 137.6390 137.6460 137.6410 137.6370 
FILM LENGTH = 137.6412 
EXP. A 135.9110 135.9030 135.9010 135.9140 135.9150 
93.8940 93.8890 93.8990 93.9Q50 93.9010 
42.0170 42.0140 42.0020 42.009Cl 42.0140 
LENGTH = 42.0112 
EXP. 8 136.0140 136.0040 136.0060 136.0100 136.0050 
93.9880 93.9720 93.9810 93.9810 93.9730 
42.0260 42.0320 42.0250 42.0290 42.0320 
LENGTH = 42.0288 
EXP. C 135.9200 135.8790 135.8770 135.8710 135.8700 
94.1630 94.1520 94.1650 94.1680 91t.1710 
41.7570 41.7270 41.7120 41.7030 41.6990 
LENGTH a 41.7196 
EXP. 0 135.8880 135.8900 135.8790 135.8810 135.8890 
94.1610 94.1540 94.1630 94.1650 94.1620 
41.7270 41.7360 41.7160 41.7160 41.7270 
LENGTH = 41.7244 
EXP. E 135.8010 135.7910 135.7870 135.1770 135.7730 
94.3310 94.3210 94.3080 94.2950 94.2880 
41.4700 41.1t700 lt1.4790 ltl.4820 41.1t850 
LENGTH = 41.4772 
EXP. f 135.7290 135.7270 135.7120 135.7200 135.7170 
94.2600 94.2590 94.2530 94.2570 94.251t0 
41.4690 41.4680 41.4590 41.4630 41.4630 
LENGTH = 41.4644 
THE tORR. FACTOR IS NEGATIVE :& -0.000100 
LENGTH CC~.LENGTH Ptil Tt-IETA 2SINCTHJ ANGSTROM 
42.01120 42.00699 8.239713 81.760287 1.979354 3.145255 
42.02880 42.02458 8.243165 81.756835 1.979337 3.145283 
41.71960 41.71542 8.182521 81.817479 1.979639 3.11t4802 
41.72440 lt1.72021 8.183463 81.816537 1.979635 3.144809 
lt1.47720 41.47304 8.134979 81.865021 1.979875 3.144428 
41.46440 41.46024 8.132468 81.867532 1.979887 3.144408 
124 
FILM 114 co LAMOA = 1.392170 s.sQ a 4.471849 
171.6800 171.6760 171.6820 171.6810 171.6820 34.1660 34.1680 34.1670 34.1610 34.1620 137.5140 137.5080 137.5150 137.5200 137.5200 
Fll~ lENGTH = 137.5154 
EXP. A 124.1920 124.1870 124.1960 124.1980 124.1890 
82.1630 82.1580 82.1670 82.1680 82.1490 
42.0290 42.0290 42.0290 42.0300 42.0400 lENGTH = 42.0311t 
EX·P. 8 124.1900 124.1870 124.1890 124.1970 124.1980 
82.1890 82.1740 82.1750 82.1780 82.173() 
42.0010 42.0130 42.0140 42.0190 42.0250 LENGTH = 42.0144 
EXP. C 124.0900 124.0960 124.0980 124.1060 124.0960 
82.3660 82.3690 82.3560 82.3700 82.3720 
41.7240 41.7270 41.7420 41.7360 41.7240 
LENGTH • 41.7306 
EXP. D 124.0830 124.0580 121t.0730 124.0730 124.0760 
82.3460 82.3580 82.3620 82.3720 82.3660 
41.7370 lt1.7000 41.7110 41.7010 41.7100 
LENGTH s 41.7118 
EXP. E 123.9310 123.9350 123.9460 123.9480 123.9410 
82.4710 82.4780 82.4920 82.4910 82.4900 
41.4600 lt1.1t570 lt1.4540 41.4570 41.4510 
LENGTH = 41.4558 
EXP. F 123.9640 123.~560 123.9380 123.9680 123.9620 
82.4960 82.4930 82.1t960 82.4880 82.4990 
lt1.1t680 ltl.4630 lt1.4420 41.1t800 41.4630 
LENGTH = lt1.4632 
THE CORR. F•CTOR IS POSITIVE 2 0.000814 
LENGTH CCR.LENGTH PHI THETA 2SINCTHJ ANGSTROM 
42.03140 42.06560 8.251211 81.748789 1.979297 3.145347 
42.01440 42.04859 8.247874 81.752126 1.979313 3.145320 
41.73060 41.76456 8.192161 81.807839 1.979591 3.144878 
41.71180 41.74574 8.188470 81.811530 1.979610 3.144849 
41.45580 41.48954 8.138215 81.861785 1.979859 3.144453 
41.46320 41.49694 8.139667 81.860333 1.979852 3.144465 
125 
FILM 115 co LAMOA s 1.392170 s.sQ • 4.471849 
165.2500 165.2530 165.2530 165.2480 165.2510 
27.6180 27.6140 27.61lt0 27.6200 27.6170 
137.6320 137.6390 137.6390 137.6280 137.6340 
FILM LENGTH • 137.6344 
EXP. A 117.4410 117.lt380 117.4320 117.4430 117.4360 
76.062() 76.0570 76.0440 76.0490 76.0510 
41.3790 41.3810 41.3880 41.3940 41.3850 
LENGTH a 41.3854 
EXP. 8 117.485() 117.4920 117.4730 117.4790 117.4800 
76.1030 76.1110 76.0970 76.1050 76.0990 
41.3820 41.3810 41.3760 41.37lt0 41.3810 
LENGTH z 41.3788 
EXP. C 117.4240 117.lt380 117.4340 117.4220 117.4150 
76.1270 76.1320 76.1280 76.1430 76.1340 
41.297() 41.3060 41.3060 41.2790 41.2810 
LENGTH • 41.2938 
EXP. 0 117.4510 117.4560 117.4540 117.lt680 117.46lt0 
76.1670 76.1600 76.1740 76.1640 76.1680 
41.2840 41.2960 41.2800 41.3040 41.2960 
LENGTH z 41.2920 
EXP. E 117.5140 117.5020 117.5120 117.5310 117.5340 
76.2540 76.2560 76.2720 76.2630 76.2670 
41.2600 41.2460 41.2400 41.2680 41.2670 
LENGTH z 41.2562 
EXP. F 117.4710 117.4800 117.4790 117.4890 117.lt740 
76.2520 76.2280 76.2370 76.2lt70 76.2lt30 
41.2250 41.2520 41.2420 41.2420 41.2310 
lENGTH z 41.2384 
THE CORR. FACTOR IS NEGATIVE • -O.OOOC51 
lENGTH CCR.LENGTH PIH THETA 2SINCTHI ANGSTROM 
41.38540 41.38329 8.117375 81.882625 1.979962 3.1lt4290 
41.37880 41.37669 8.116081 81.883919 1.979968 3.144280 
41.29380 41.29170 8.099lt09 81.900591 1.980050 3.144150 
41.29200 41.28990 8.099056 81.900944 1.980052 3.144147 
41.25620 41.2541(] 8.092034 81.907966 1.980086 3.144092 
41.23840 41.23630 8.088542 81.911458 1.980104 3.144065 
APPENDIX F 




Computer program for least square values 
$JOB CURVE 
C GCMRC LEAST SQUARE FITTING (POLYNOMIAL TYPE) 
1 DIMENSION X(200), Y(200) 
2 DO 99 KKK=l,2 
3 READ (l,lOO)N,M 
4 READ (1,200)(X(I),Y(I),I=l,N) 
5 DO 1 I=l,M 
6 CALL CHRIS(X,Y,N,I) 
7 1 CONTINUE 
8 99 CONTINUE 
9 100 FORMAT(2Il0) 
10 200 FORMAT(2E20.8) 
11 RETURN 
12 END 
13 SUBROUTINE CHRIS(X,Y,N,M) 
14 DIMENSION EY(200),X(l),Y(l),A(20),B(20),S(20,21),AY(200) 
15 A(1)=N 
16 L-2*M 
17 DO 11 J=l,M 
18 D=O. 
19 DO 12 I=l,N 
20 12 D=D+X(I)**J*Y(I) 
21 11 B(J+1)=D 
22 DO 13 J=l,L 
23 C=O. 
24 DO 14 I=l,N 
25 14 C=C+X(I)**J 
26 13 A(J+l)=C 
27 K=M+l 
28 DO 15 J=l,K 
29 JJ=J 
30 DO 15 I=1,K 
31 S(I,J)=A(JJ) 
32 JJ=JJ+l 
33 15 CONTINUE 
34 C=O. 
35 DO 44 J=1,N 
36 44 C=C+Y(J) 
37 B(1)=C 
38 MM=K+l 
39 DO 55 J=l,K 
40 55 S(J,MM)=B(J) 
41 96 WRITE(3,900) 
42 DO .87 I=1,K 
43 87 WRITE(3,800) (S(I,J),J=l,MM) 






50 DO 33 I=1,N 
128 
51 SUM=S(1,MM) 
52 DO 22 J=2,K 
53 JJ=J-1 




58 33 WRITE (3,300)X(I),Y(I),AY(I),EY(I) 
59 WRITE (3,600)SUME 
60 300 FORMAT(4El8.8) 
61 400 FORMAT(11X,lHX,17X,1HY,15X,4HAPPR,14X,4HDELK) 
62 500 FORMAT(lOX,3HTHE,I3,1X,37HDEGREE LEAST SQUARES 
COEFFICIENTS ARE) 
63 600 FORMAT(10X, lOHVARIANCE =,E18.8) 
64 800 FORMAT(5El8.8) 
65 900 FORMAT(10X,26HTHE LEAST SQUARE MATRIX IS) 
66 RETURN 
67 END 
68 SUBROUTINE CHRISA(N,A) 
69 DIMENSION A(20,21),X(20),LOC(20),CK(20) 
70 NP=N+1 
71 DO 1 I=1,N 
72 1 CK(I)=O. 
73 DO 101 I=1,N 
74 IP=I+1 
75 AMAX=O. 
76 DO 2 K=1,N 
77 IF{AMAX-ABS(A(K,I)))3,2,2 
78 3 IF(CK(K))4,4,2 
79 4 LOC(I)=K 
80 AMAX+ABS(A(K,I)) 
81 2 CONTINUE 
82 IF(ABS(AMAX)-1.E-5)99,99,7 
83 7 L=LOC(I) 
84 CK(L)=1.0 
85 DO 50 J=1,N 
86 IF(L-J)6,50,6 
87 6 F=-A(J,I)/A(L,I) 
88 . DO 40 K=IP,NP 
89 40 A(J,K)=A(J,K)+F*A(L,K) 
90 50 CONTINUE 
91 101 CONTINUE 
92 DO 201 I=1,N 
93 L=LOC(I) 
94 201 X(I) =A(L,N+1)/A(L,I) 
95 D0 .301 I =1,N 
96 A(I,NP)=X(I) 
97 301 CONTINUE 
98 99 CONTINUE 
99 RETURN 
100 END 
Least square values for aluminum 
THE LEAST SQUARE MATRIX IS 
0.34000000E 02 0.32400000E 04 0.37680000E 06 O.S0544000E 08 
0.13911000E 05 
0.32400000E 04 0.37680000E 06 0.50544000E 08 0.74428780E 10 
O.l6681000E 07 
0.37680000E 06 0.50544000E 08 0.74428780E 10 O.ll634610E 13 
0.23068440E 09 
0.50544000E 08 0.74428780E 10 O.ll634610E 13 0.18910340E 15 
0.34802280E 11 
0.74428780E 10 0.11634610E 13 0.18910340E 15 0.31557190E 17 
0.55374330E 13 
THE 4 DEGREE LEAST SQUARES COEFFICIENTS ARE 
0.21191760E 03 -0.16613330E 01 0.28340710E-01 0.98980750E-04 
-0.48276790E-06 
X Y APPR 
0.40000000E 02 O.l9400000E 03 0.19590830E 03 
0.40000000E 02 0.19500000E 03 0.19590830E 03 
0.40000000E 02 0.19300000E 03 0.19590830E 03 
0.40000000E 02 0.19800000E 03 0.19590830E 03 
0.40000000E 02 0.19500000E 03 0.19590830E 03 
0.40000000E 02 0.20200000E 03 0.19590830E 03 
0.60000000E 02 0.22600000E 03 0.22938740E 03 
0.60000000E 02 0.22500000E 03 0.22938740E 03 
0.60000000E 02 0.22900000E 03 0.22938740E 03 
0.60000000E 02 0.22900000E 03 0.22938740E 03 
0.60000000E 02 0.22900000E 03 0.22938740E 03 
0.60000000E 02 0.23000000E 03 0.22938740E 03 
0.80000000E 02 0.29400000E 03 0.29129540E 03 
0.80000000E 02 0.29200000E 03 0.29129540E 03 
O.BOOOOOOOE 02 0.29600000E 03 0.29129540E 03 
O.BOOOOOOOE 02 0.29000000E 03 0.29129540E 03 
O.BOOOOOOOE 02 0.29300000E 03 0.29129540E 03 
0.10000000E 03 0.37200000E 03 0.37989500E 03 
0.10000000E 03 0.37000000E 03 0.37989500E 03 
O.lOOOOOOOE 03 0.37300000E 03 0.37989500E 03 
0.10000000E 03 0.38600000E 03 0.37989500E 03 
O.lOOOOOOOE 03 0.38SOOOOOE 03 0.37989500E 03 
0.10000000E 03 0.38300000E 03 0.37989500E 03 
O.l4000000E 03 0.61000000E 03 0.62095160E 03 
0.14000000E 03 0.61000000E 03 0.62095160E 03 
0.14000000E 03 0.62SOOOOOE 03 0.62095160E 03 
0.14000000E 03 0.62700000E 03 0.62095160E 03 
0.14000000E 03 0.62900000E 03 0.62095160E 03 
0.14000000E 03 0.62700000E 03 0.62095160E 03 
0.18000000E 03 0.89600000E 03 0.90158220E 03 
0.18000000E 03 0.90500000E 03 0.90158220E 03 
0.18000000E 03 0.90600000E 03 0.90158220E 03 
0.18000000E 03 0.89900000E 03 0.90158220E 03 














0. 731480SOE 01 
0.49644680E 00 
0.22133160E 02 
0.16 7 80870E 01 


















Least square values for silver 
THE LEAST SQUARE MATRIX IS 
O.l8000000E 02 O.l8000000E 03 0.22090000E 04 
0.18000000E 03 0.22080000E 04 0.31104000E 05 
0.22080000E 04 0.31104000E 05 0.47712000E 06 





THE 3 DEGREE LEAST SQUARES COEFFICIENTS ARE 
0.40685390E 01 O.l5300780E-03 0.30460910E-04 -0.53652780E-06 
X Y APPR 
0.40000000E 01 0.40697400E 01 0.40696030E 01 
0.40000000E 01 0.40696600E 01 0.40696030E 01 
0.40000000E 01 0.40696200E 01 0.40696030E 01 
0.60000000E 01 0.40704400E 01 0.40704360E 01 
0.60000000E 01 0.40704400E 01 0.40704360E 01 
0.60000000E 01 0.40704200E 01 0.40704360E 01 
0.80000000E 01 0.40713990E 01 0.40714370E 01 
O.BOOOOOOOE 01 0.40714390E 01 0.40714370E 01 
O.BOOOOOOOE 01 0.40714300E 01 0.40714370E 01 
0.10000000E 02 0.40724690E 01 0.40725780E 01 
O.lOOOOOOOE 02 0.40724890E 01 0.40725780E 01 
O.lOOOOOOOE 02 0.40724690E 01 0.40725780E 01 
0.14000000E 02 0.40750790E 01 0.40751790E 01 
0.14000000E 02 0.40753290E 01 0.40751790E 01 
0.14000000E 02 0.40755190E 01 0.40751790E 01 
0.18000000E 02 0.40779890E 01 0.40780320E 01 
0.18000000E 02 0.40780090E 01 0.40780320E 01 
0.18000000E 02 0.40780090E 01 0.40780320E 01 





















Least square values for molybdenum 
THE LEAST SQUARE MATRIX IS 
O.llOOOOOOE 02 0.10400000E 03 0.12420000E 04 0.17012000E 05 
0.34589500E 02 
0.10400000E 03 0.12420000E 04 0.17012000E 05 0.25221000E 06 
0.32704800E 03 
0.12420000E 04 O.l7012000E 05 0.25221000E 06 0.39266840E 07 
0.39059100E 04 
0.17012000E 05 0.25221000E 06 0.39266840E 07 0.63154110E 08 
0.53502170E 05 
0.25221000E 06 0.39266840E 07 0.63154110E 08 0.10390950E 10 
0.79321210E 06 
THE 4 DEGREE LEAST SQUARES COEFFICIENTS ARE 
0.31641990E 01 -0.10465040E-Ol 0.17536650E-02 -0.11656370E-03 
0.26827130E-05 
X y APPR DELK 
0.18000000E 02 0.31453500E 01 0.31458350E 01 0.23563270E-06 
0.16000000E 02 0.31450700E 01 0.31440640E 01 0.10103720E-05 
0.14000000E 02 0.31448200E 01 0.31446140E 01 0.42433380E-07 
0.12000000E 02 0.31446300E 01 0.31453510E 01 0.51980890E-06 
O.lOOOOOOOE 02 0.31444190E 01 0.31451780E 01 0.57627030E-06 
0.90000000E 01 0.31443190E 01 0.31446850E 01 0.13411040E-06 
O.BOOOOOOOE 01 0.31442800E 01 0.31440200E 01 0.67783720E-07 
0.60000000E 01 0.31442400E 01 0.31428380E 01 0.19653270E-05 
0.40000000E 01 0.31441490E 01 0.31436230E 01 0.27712660E-06 
0.40000000E 01 0.31441400E 01 0.31436230E 01 0.26717680E-06 
0.30000000E 01 0.31441290E 01 0.31456540E 01 0.23253960E-05 
VARIANCE = 0.12369060E-05 
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